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ABST RACT 0

The maintenance of consistency in a distributea aaticase

system environment presents a number o vexing Droolems to

tne database system oesiqner. Tnis is more so tne case Nnen

the dataoase system contains repLicated oata ana is also

desiqned to provide a nigh dearee ot aVailDility under e

conaitions o networK PartitioninO.

This thesis Investigates tne use ot a proposei a pative

concurrency control algorltni d a possiole aiterr.ati/e

solution for a number ot the ProbLems facing tne atactse -

system designer in the areas ot concurrency contro.,-

part1tionea networKs, and long-livea transactions, ,. -.0
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1,I lTRCL)UCTIOri

A funaamental concept tor Qatavase systems is the notion

of consistency. If a database is viewed as a set ot oata

objects whicn are related in some way, dan It these

relationsnips are viewed as assertions about tie on3ects,

then a database is considered consistent only it it

satisfies all integrity assertions. Transactions wnict

enter the database system and read or alter tne values in

data oojects are said to move the datacase tron one

consistent state to another. Tus, the transactions,

comprised of a set of atomic actions 3re consiaered units of

consistency. since the transaction's atomic actions canno:

execute at precisely tne same instant in time, the latacase

can become temporarily inconsistent. moreover, concurrent

execution can cause the dataoase to oecome inconsistent.

Therefore, to Insure database consistency, a concurrency

control mechanism is requirea.

The main tasK for a concurrency control mectanism is to

insure the serializability of transaction execution, it all

of the transactions in a database system were to execute

serially, that is one right after another, consistency wouli

be insured as no transaction could Intervene in anotner's

execution cycle. if a set ot transactions execute

concurrently and tne result of that execution is equivalent

7



VI

to the result obtained from some sequential executior , z t.

same set of transactions, te execution is sala Lo L e e

serializaole [1]. Serializacle execution of transactio s 4s

sufficient to insure consistency in a datacase syster:. Any

execution sequence wrich cannot te serializea -must not Ce

allowed.

Tne mechanism for concurrency control .e investiqate is

a proposea acaptive concurrency control algoritnm basea cn

an optimistic strategy for insurinq dataoase consistency,

badal (2,3]. A transaction scneme emoloyinq suotransactions

with related atomic actions provides the transaction inocel

for the algorithm. The proposea algorithm Is oroviaea in

Appendix A.

For a distriouted dataoase system, the oartitionen

network environment introduces some itficult problems.

netaorK partition occurs wnen two or more ais~oint

collections of nodes cannot communicate between tnemseives

even though noaces in a given subset o tne nethorK -ire

operational. In a database system *,icn croviaes scrre

degree of availaoility In the face o± networK Partitioning,

tnis situation can completely destroy nutual consistency.

As a result, most solutions to tnis proolem oroviae a less

than desirable degree of cata availability ,vnile operatin g _

in the partitioned mooe. Because we consider availaoility

of data just as important as consistency for a aistri:ztei

system, and since tne proposed algoritnm provioes varyinc



degrees of availability 4flile maintaininQ mt al

consistency, *e extend the algoritnm to achieve a soiution
0

for the proolem o the Partitioned network and a lyze .ts

usefulness as a possiole solution to tnat proclen,.

The transaction concept, Which nas airea Win

acceptance In such areas as airline reservations, electronic

fund transfers and car rental applications, does not in

Itself place any limitations on tne ouration of trAnsactions

In a system, In this regara, there are some interesti.n

parallels bet*een the notion of a long-livea transaccion as

introduced by Gray E43 and the notion of temporary cata

states which is contained in the proposal for cne adaptive

concurrency control algorithm, The narallels oecome tore

pronounced once the alqorithin is consioerea in tne context

of a concurrency controi mechanism operatinq unaer net.or<

partitioning. *e analyze this situation in Enis tnesis wltn

the hope of snedaing some lignt on cne sutject,

Chapter 2 is a summary of methods previously oroposei as

possiole solutions to tne atorementioned orociems :ealin.

with tne maintenance of consistency in a datatase syste,, :0

Chapter 3 introauces the transaction mocel anc tne prooose.

algorithm. In cnapter 4 we extena the algoritnni to tne

networK partition environment and OiScUSS its application to

lonq-1ved transactions. In cnapters b and o *e oroviae an

Implementation of the algoritnm as ,ell as test results for

different scenarios, eq. for various classes ot

9



transactions# aittering decrees ot contict rates, cx.Le:2nt

complexities at non-serializaole execution, etc.

100
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Ii. PREVICUS ORK IN THEST, SUBJECT AFA -
A. INTRODUCTION

In tlis chapter we discuss some prior procosals xri1cn

have teen introduced as possible solutions to the procierns

of concurrency control, networK partitioninq, ano Iora-livea

transactions, In IOOKinq at concurrency control %e are

particularly Interested in metnoas onicn, wnile Insuring a

consistent dataoase, could also easily aaapt to the ever

changing database environment, 1n this reqara, Ae

discovered that there was a paucity ot metnoas vnicn

provided any significant measure o± rlexibility for eitrer

the daacaase designer or toe dataoase user.

Anile analyzing metnods for aeallng witn odrtiLoneQ

net#orK ervironments we are most interesteo in Solutions

whicn allow for non-stop operation in all partitions atter

networK partition. fhree solutions in tnis area proved most

attractive and provided some insignt towaros the extension

of tne proposed algoritnm to tne Partitioned environment.

At present, very little nas been written aoout tne

long-lived transaction problem In dataoase systems. he
-0

therefore present some thouqnts on tne subject oy Gray L-2

and make an attempt to analyze these concepts in l1nt of

tne proposed algorithm.

--- ---- - - -1



B. CONCURRENCY CUNTRUL

Two phase LocKing requires a transaction to acQuire e 0

lock on every data object it will access oefore any of tne

locKs are released. TnIs reduces the avallatIlity of tne

data objects as some of the data oojects lockea oy tne

transaction could have oeen open to reaos or upfates xrile

tne transaction *as executing at other nata oojects. PLIs

metnod also has an aaverse eftect on toe level or concurrent

execution which is experienced Dy tne transaction. In1s i5

true because no portion of tPe transaction, nowever aislunt

it may be trom other comDonents of tne transaction, is

allowed to execute in the system until every data ooject Is

lockea. mowever, wNhen two-pnase locKing is comoinea *Itn -

two-pnase commit policy such that commit occurs at tnre ena

of transaction execution, a simoie recovery metoco tcr

transactions is proviaeo,

lime stamps provioe a second strategy tor concuirrency

control in a aistrituted dataoase systei. dnaer tis

strategy, transactions are requireo to execute in tne orier

of tneir time stamos. rime stamcs, in conjunction Ait:n

two-phase commit policy, can oe al;,,ost as restrictive as tTe

two-pnase locking scheme in regaras to aata ooject

availability ana concurrency of transaction execution.

Moreover, the lacK of global system knowieage at networ<

partition provides tme ti'e stamp solution Nitn nizntiarlsn

12



problems at merqe time as considerition must be given to c:!e

differences in time stamp assignment among all tre comouters

In the system, Neitter t~o-pnase JOCKinG ncr ti,'e stais

provide a general solution to the long-Liveo transdcticn

problem as neither provides a mecnanism wnicn can m8Ke a

aistinction between data hicn is permanent ana dta *nicn-

is temporary,

A strategy for concurrency control mnicn seems to oe

gaining in popularity is called optimistic cecause i: treeiy

allows transactions to execute within tnie system and insures

that toe results ot execution are seri lizdle at tne aat-

ooject Itself. Tois strategy is cased on tne assurption

tnat tne conflict rate at a given data oolect is lo N cecause

tne pcrtion of tne catacase accessed at any one ti*e oy 16!%e

atomic action of a transaction is small, i.e., tne locK

granularity is small, Ulman Lbj. Since t nas oeen snown

that In many real-lite applications Ine prooaoility o0

conflict Is low, several proposals tor optif-istIc

concurrency control have been published. For a centralizem

database, hung and Rocinson nave proposea a solution LoJ. -3

This approach %as elacorateo on by Ceri and LWIcKE /LJ and

applied to a mistriouted dataoase system, d-ica L ,j]

descriDed a different approach utilizing an alaoritnm

Intended for use In a aistrioutea system. It is tnis iast

13e



approach, extended by Baoal ano 4c=lyea LhJ :izm

invesitgate for partitioned networx execution ana oloi-ilvei

transactions,

C, NETCRK PARTIrIONiNG

1. One Partition Solutions

Inere are numerous solutions allowing one partition

operation in the event the networK experiences oartitioning. 0

Since these solutions restrict availability to an

unacceptable degree, we spena littLe time on their analysis.

Examples ot tnese methods are : voting, toKen

passing and primary sites, In voting eacn site is assigned

a weignt or numoer o votes, when a oartition occurs, tie

sites in the partition witn tne most votes are tne sites

which can process transactions witn the least restrictln3, .

Sites in other partitions can process reac-only type

transactions, .ith toKen passing each aata object nas -

token associated *ith it *nicn moves trof, site to site.

when a partition occurs, tne site witn the toKen for a Cata

ooject may update that aata ooject, Primary sites is an

approacn where eacn data object nas a site assignea to it

which is responsible for a data object's activities. At

partition tine, If a transaction is executed in a oartition

tnat contains all the data objects in its read and 4rnte

14



sets, the exe ution Is allo*ed. utfer.4lse, orly ;

operations are oermitted.

Eacn strdteqy attempts to make tne upaatinc Qt :IIta

oolects site-specific dccording to a set of rules and

constraints, 4iince the methods restrict activity (usually

updates) in scme partitions, Oata dVdilao1iity Is aecreasec.

Consistency preservation varies from metnoo to metnod. In

voting, consistency is easy to maintain sitn a nign cost in

availability as only tne partition *itn tne most votes can

perform update operations on data objects. This oearee o!

preservation Is not the case Aitn t.e priari 5ires

strategy, *nich Is similar to tne toKen .etnod, as tne

primary site for updates could be involved in a nard crasn

and an alternate site is oesiyrtec as a oaCKUp. Over dil,

each of these methods tall short of a ieneral solution ti

tne desirability or achieving o reesonaole balance oet'een

insuring consistency in a aatabase and providIny a ni(n

degree of availacility at all sites.

2. Aulti-PartItIon Solutions

Approaches to tne partitioning oroolem nave oeer

suggested wnereoy consistency is maintained tnrouqncut tre

system and Increased availaoility is provicea at any given 9

site.

Parker ano Ramos E9J prooose a metnoo wnicn Woui1

utilize a log-tilter ano version vector icneme to aetect

15



multiple file joint consistency. This prooosal auare.~ses

the automatic oetection of mutual inconsistencies a: tne

tile level and it the partition merce intertece. it loes,

however, rely on user intervention during Processin tc

decide on a course or action once certain tyoes ot conflicts

are aetectea. In addition, tnts aooroacn allows for some

low level of inconsistency to exist in the file syster. for

snort periods of time after a transaction nas in tact

committea.

An approach Involving semantic Knoxieoge docut the

dataoase dpplicatlons was proposeU cy Faissol tIi. rive

classes of semantics spanning the most simple ojeratior to

the most complex are usea to allow uoaates In incepencent

partitions. Each class snares a comon merqe alioritn

which can be tailored to a particular application cy tne

application programmer. At Present# Of tre crocosed

solutions to the partitioning proolem, F'aissol's approach

seems to ne tne most interesting ana complete. "e oes,

however, assume that a concurrency control mechanisir. exists

wnich will insure consistency in each lndivioual partition

during periods of network oartition, rne most attractive

feature in the Proposal is tnat users may ooerate the system

under partitioning in a manner onicn assures reconciliation

can oe performed automatically at merge time.

A metnod for automatic control of consistency and

database oata object reconciliation onicM relies on tne

l



manipulation ot precedence graphs is proposec in :res.n1

Lill, In this approacn, use is mace ot raissoi's :or-a!

definition of correct partitioned mode operation. 6rtZA1Cn

logs are utilizec to store informatlon necessary ror use cy

a partition merge algorithm. Transaction activity is stored

in these logs #Micn, at merge time, are convertea into

precedence graphs, rnese grapnts are Inspecten to inscre

that a resultant glotal scheadle ot transaction executinn is

seriallzable for all partitions.

4ith these paoers as oacdqrouna, in cnacter ' e

investigdte our proposed ddaltive concurrency control.

algoritnm as a possioje canoidate for tne concurrency

control mechanism, during normal system operatlon, Nnile tie

system is partitioned, ano at partition merge tiTe. te Go

tnis investigation in tne nopes tnat it may ;rovie A'nat

seems to be a more general solution to tne net~or<

partitioning problem.

0, LONG-LIVED THANSACTIONS

Gray E41 Introduces transactions inich can Persist In a

system for long periods of time oetore trhey commit. Inese

transactions may nave lifetires tnat can be measured in cays

or weeks. ior instance, applications sucn As travel,

insurance and escrow commonly nave transactions ,nose

durations span sucn time frames. Gray envisages solutions

to long-lived transaction situation as having to accept a 3

17
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lower degree ot consistency wittin tne dataoase. q- CK "I

an extension of tne prooosea algoritnin as a o3si 3
0

concurrency control mecnanisn ror iong-Iived trarsaction5.

ITis mecnanism should not require tne acceptance ot ai

lower degree of consistency in tne Manaiinq o tnese tyoes

of transactions,

0
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I1. TIqANSACTIUN MOOLL ALD rE PHU ]SED AL)JhII:, S

A, DESCRIPTIUN uF THE TRANSACI~uN M'uILOLL

This section descrioes tte transaction model, tre

components or the concurrency control mecnanism ani

transaction execution under concurrency control.

Each transaction enters an! exits tne aistricutec system --.

at one site, called the initiating site, It is composea of

one or more atomic actions each of wnich perrorms eitner a

read or an upoate on a sirgle data ocjec:. lnterdecenaen:

atomic actions are groupec into suotransactions. 1'ne

suotransactions may execute concurrently or sequentialy.

A conflict history is a part o: eacn transaction cairini

its execution. This history is a recor or Cz.-.

transaction's conflicts witn otner transactions. Contlict

is defineo as occurring whenever two transactions execute

any comoination of read or upoate of tne same lata ocject

except reaa-reaa* The contllct nistory is apaateo Aitn

information nela at each data ooject visitea oy the

transaction. Tnis intormation is heia In a lop (LJ Logj.

The DO Log holds the recora of a transaction's activity

against tne oata oolect along mitm data from tre

transaction's conflict nistory, the uO Loq, Wnicn operates

in a fashion which is similar to tnat of a stacK, is uodated

19



whenever the transaction accesses the aata coject. r.,e

Log also inaicates tne transacticn's status as teicorirs,

committeo or aoorted. A committed entry aenotes a cc!r.Tite1

transaction, i.e. one whose initiating site nas aeterminea

the execution cycle to ve complete for all of its

suotransactions. It a transaction is in cont.Lct 'ltn an

entry in the log which is not commLtteo, it niarKs its entry

as temporary waiting Ct(*)). ownen all previous temporary

versions (versions generateo uy ctner trdnsactions) are

committed, a transaction's emoorary version, t(W), is

changed to ready to commit (t(r)). For tne case wirere

transaction nas to aoort, any transactions wnicn nave

temporary versions oased )r tnat transaction also Pust

aoort.

During transaction execution, a local concurrency

controller, resident at each site and executinq a copy of

tne adaptive concurrency control alaoritnii, utilizes tne

information contained in tne transaction's conflict nistory

and tne contents of tne O Log to aeLect ana resolve non-

serializatle execution at eacn site. ine concurrenc-

control mecnanisi constructs a preceaence relation from tne

information in tne DU Loq ana tne contilct mistory, A non-

serializaole execution occurs *.en a transdction appears in

more than one place in tne relation, Anen non-serializaDie

executlon Is detected, the concurrency control mecnanis

will restore serializable execution via a roiioacK ari,

2 0



reexecution process which may involve one or more o: ;:;e

transactions oresent in the Preceaence relation. .Ce

restoration of serializacle execution can oe dCCOmOiAsnel

utilizing a metric indicating the amount ot "worK" iertormen

oy the transaction,

fnen a transaction attempts to read or update a oata

object at a given site, It may or may not tinu the ocject

locKed oy anotner transaction. If the ooject Is not loc~ed,

the transaction executes on t, However, should a locK De

encountered, the transaction waits for a preaeteminea

period of time, If the previous transaction releases tne

locK before the time-out perlod expires, execution wii

continue, 4itn the IOCK still teinq present arter time-out,

toe transaction attempting to access tMe ooject seros a

conflict nistory to Its initiating site, and inaicates It is

blocked at the site. It will then me up to toe initiainq

site concurrency controller to proceeo mitn tne transactior

execution.

Once a transaction Is allowed access to a data ooject,

it locKs that object and begins its execution, Snoula tnis

transaction oe in conflict, it may elect to nold its lOCK on

the data ooject until the previous temporary version el:ner

commits or aborts, or tne transaction may release tne locK

after creating Its own temporary version. if tne former is

the case, the snort duration loCK oecomes a long duration

locK and the concurrency control algoritnm s~itcnes from tne

21



optimistic mode to the pessimistic mode. The ,-uer

temoorary versions .n) ailooed to build up at a iata oz-ect

can be adjusted to meet various application criteria an

storage tecnnologies. It n = 0, then tne aijoritnm

functions similar to tWO-Pnase locking with two-onase

commit. For higher n, the algoritnm allo.s a oreater aeqree

o0 concurrency,

Too points snoulo be noted here. The tirst is tnat ner

n = 0, a aeaolOCK aetection process oil! ce requirea ana

secondly, wnen n is high, a doni no erfect can occur wnereov

all transactions *nose temoorary versions are oasea orz an

aborted transaction's temporary version must tnemselves

aoort,

To illustrate in more oetall now tne alooritnm perfcr:,'s

its concurrency control functions, a view is Ca~en of tne

transaction as a carrier of information. 'he transaction

carries its conflict history from site to site ano if a

transaction FORKS to execute suotransactions concurrently,

eacn transaction carries a cooy of tne conflict nistory witm

it. At each site, the transaction attempts to detect ari

resolve non-serializable execution ana in the zrocess, it

updates its own conflict Nistory anicn is depositeo at tne

site in the data object's DO Log. ohen the transaction S

completes its worK, it returns to its initiating site. Any

concurrently executing subtransactions jOIN as tney move

towards the Initiating site an tneir conflict histories are
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merged. before a transaction exits the system, it ,,u~t

ensure it has qenerateo only serializaole execution :urinr

its journey tnrouqn the system and only tnen may it .Q:.. i.

all of its tempora~y versions.

At the initiating site tre transaction's entire conflict

history, accumulated d4rinq ics execution tnrougn tone

system, is inspecteo, If the conflict history is empty, tre

transaction is reaay to commit and it will so notify eicn

site wnere it nas temporary versions, Snoulo a contlict

history contain entries, the transaction sencs a couy of its

conflict nistory to the initiatin site of each transaction

listed in the history, The transaction that sent its

conflict history to other sites then invokes tne initiatira

site's concurrency controller. A precedence relation is

constructed from tne concatenation of this conflict history

ana any conflict histories receiveo from otner transactions.

If no non-serializable execution Is detected, thre

transaction will send its preceoence relation to toe

initiating site of wnicnever transaction it last aoded to

its precedence relation. This process continues until

either non-serializacle execution is detected or until the

transaction receives a preceaence relation .nicn only

duplicates relations currently held. in the latter case,

the transaction is ready to commit and it will be necessary

for the transaction to broadcast a commit iessaqe to eacn

site Nnere the transaction nas temporary versions.

23

-.0



t

.Vj

For the case wnere non-serializaole execticr I S

indicated, serializable execution is restored in tne

manner as betore, ,itn consloeration ulven to tne ecolncric

factors involved in restoration. unce non-serializaole

execution is no longer a possloility tor a qiven

transaction, the transaction enters its commit nnase &nere

it will commit all o Its temporary versions. frnis onase is

complete when all the tem-Worary versions or .nicn i e

transaction nas odsea its tempordry versions inave comiitei

ana tne transaction's status is c.arKea cor;it a: a.l the

data cojects visited,

Considerinq tne case *t:ere tne initiatin site ),A

received a conflict history from a suotransaction n.icn i,-s

been blocked out ot a oata oo3ect ano nas experlencea -j

time-out condition, tne initiatinq site taKes tne same

actions tnat it woula nave ta~en it tne transaccion nai

completed its course ana returned to the initiating site.

in this situation, any restoration reouiren snould allow 'J

tnis transaction to execute last oecause it it alo not, tne

transaction may create more non-serialLzaole execution atcer

restoration.

The advantages of tne proposed alqoritnm can oe

summarizea as follows: -

1. when there is no conflict, it tunctions *itn nini u

overhead. There are fewer messages required to cocmit a
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transaction tnougn it must ce cointed out tn-i : .

reduction is acnievea at the cost ot josinO Site aut ..... - -

for a ionger period ot time.

2. An increase in concurrency may be acnievea rv

allowing transactions to access results qenerateo trom oter

transactions not yet committed. The algoritnm is consiaered

optimistic in tnat it is assumea tnat trose "not ,vet

committeo" transactions will eventUally com:mit. if tnis

does not occur, tne amount of worK wicn must be uncone can

be limited oy a locKing mechanism.

3, The al;orltnm can switcn oetween )essimistic Lusir:

long duration locKs) and optimistic (usinu snort auration

locKs) modes at any time and for any data onject. Tnus, In

the same oataodse, niqn contention tiles can ozerate in tne

pessirnistic moce ana low contention tiles in tne optiristic

mode - all oeing controlleo oy the tne same concurrency

control algorithm. 0

d, TRANSACI110m EXECUTION

F'or this examole *e assume that eacn uata Coject

accessed by a transaction is located at a citterent sitq

witnin the distriouted system, Data ooect ij) will oe

locatea at Site A, cata ooject to) at Site b, and so tortn. _

Furthermore, assume tndt a reldtively low oegree of

concurrency is desireo and thus tne algoritnm wiil switcn -

2 .



from optimistic to Pessimistic roaes en I
suotransaction encounters its tirst conftict, i.e., n 1.

Let transaction T1 enter the system at Site A. 11

consists oi only one suotransaction which tirst exec..tes at

Site C, Ti tnen transits to Site 6 vnere ir, uron

inspection of the applicable bu ijoy, (etects a contlict i tn

transaction T29 ri executes on that data ooject ana noas -i

iocK on it as it returns to its initiating site, Site .

TI's conrlict history contains only 12 at oata ocJect L 4,')

a metric reflecting tre amount of 4orK cone oy tctn

subtransactions up to tne point in time ± tielr reacr17i

data object o. A viable form tor tne contilct nistor!

entry, and the one usea in tnis example, is given as: i1

1T2T1 : b , 7),

Transaction 12 enters tne system at site I. it 64s5

consists of only one subtransdction wnicn first executes at

Site 8, then moves to Site F. It there aiscovers tnat it is

in conflict with transaction 1j, it executes on iata oalect

1, updates its conflict history to inclJee ITT12 : f : .0,

holds the locK on 4f , and tnen transits to Site C. At site

C it encounters a locK mnicn is neld Dy r3. After waitinq a

time-out period, T2 finas the locK still present. It senas

a message to its initiating Site containing its conflict 0

history and the fact that it is olockei at 5ite C. Tz will

marK its conflict nistory witn a "#" to inaicate that it is

still executing. T2 : {TJ32 : t : 4 ).
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Transaction T3 enters the system at Site E ani con.'st

of two subtransactions: ST31 and ST32. STJ1 tr3nsi:s to

Site F, executes tnere, ana then returns to its inilati1ni

site, Site E, Suotransaction oi32 moves fron Site n to oite

C to execute tnere. After ootaininq tne locK ana cnecKing

the DO Log entry, ST12 aiscovers that it is in contlict hiti

transaction Ti. SI3k will execute at daa ooJect c anG Keen

its 1oCK as it also moves Dac< to Site 6, its inittia S

site. anen STJI ana ST32 iJltN, they wiii nerge trelr

separate conflict nistories to form 1i's conrlict history.

Since S131's is empty an S132's consists of i. at aata

ooject c (assume the metric to oe 11) T's con± ict nistory

*I.'l ce T3 : IT1T3 : c : 11),

wnen all ot a transaction's suotransacions rave L

returned to their initiating site eltner tne transaction

will ce able to enter its Commit pnase or it kill cs

necessary for it to invoke the site's concurrency controiler

in order to detect ara resolve possiole non-serializaoie

execution. Since in our example eacn transaction nas a

non-empty conflict history, the initiating site must atteict

to aetect non-serializaole execution. Eacn transaction ill

send a copy of its contlict history to the initiatinq site

of each transaction in its conflict history.
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TI : 2T : o : 7t -- MM> Tk

T2 ; UT2 : f 4+) M-->- 1.S

TJ fiT3 3 : 11 >- 7C1

Eacn transaction will construct a orecedencp relation

from tne concatenation of its conflict nistory A.itn dry

conflict history it has received from otner transactions.

TI 3 U2T : o : /
TiT3 : C : iw

T2 IT3T2 : t : 4+
T2l : o I

T3 3 UlTi . c ii
T3T2 :r:4+)

A precedence relation will reveal the presence of

serializaole execution if, once a urdnsaction has received a

conflict history wnicn it nan received oreviously, it is not

aole to detect non-serializable execution. That is, it In

adding a relation to its precedence relation a transaction

adds only duplicate con.±licts, and if amonqst all tne

conflicts present in its orecegence relation no cycles can

oe detected, then that transaction's execution seauence is

serializacle. Transactions will continue to oass tnelr

conflict histories to tne initiating site of wnicnever

transaction was last added to its conflict history, until

eitner non-serializable execution is detected or tre

precedence relation can detect serializaole execution, as

above. Since, in our example, we nave not yet reachea
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either ot these conditions, it is necessary to ra:s t,-

precedence relations whlcn have accumulated up to tris coirt

In time, They will be passed as tolows:

12 .... Li

T3 ---- > '2

Each transaction constructs a rew precedence reiaticn

from the relations it receives:

TI : (T2T1 . o : 7
'fIT j : C 1 11

£J12 : r ; 4+
T2TI ; o : 7)

T2 : IT3T2 + : '*
r2T1 : o : 7

r1 : : 11
Ir2 3 r 3 4+

T3 : T11'3 ; c ; 11
7312 : 1 : 4

C2TI : o : 7
1IT3 : c ; 11)

Each transaction can now detect tnat non-serializaole

execution has occurred since a transdction is listea in r,,ore

than one location. Since 12 is still executina, it is cest P

to resolve tne conflicts in a way wnicn #ill aLlow 1z tc

execute last. (It none of tne transactiors are still

executing then the least cost transaction pair *oulc ce P

rolled back to break the cycle). This means tnat 12'11 is

the transaction palr wnicn must be re-executen at .data

ooject 0 in oroer to resolve the non-serializatle executicn.
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TI and T2 roll oacK to Site o. i1 executes anora tu:'s t,

Its initiating site witn an empty conflict nistory ; is

able to commit. Ahen 11 conmIts, T3 dill Cnane t, c ,. L;

entry at oata object c to t(r), release its iocK on 1cj, ari

commit. After T1 has re-executed at (b), 2 &111 ce aole to

re-execute at lb , at It), and at ic. At each oatd o0Ject

'2 will acquire a lock, execute, ana nark its versions as

t(w) or t(r) depending on how long it tases TI ana Is to

commit.

Commit will occur in the tollowing manner. nce tne

cycle is oroKen, Ii will oe returning to its initiating site

with an emrpty conflict history ana all or its versions

mdrked t(r). 11 broadcasts a message to all of its sites

telling them to commit tier VU Log entries. As soon as ii

commits, 13 will release the locK that it is noloinq at 6ite

C and send a message to its initiatiriq site sayinq tnat its

temporary version at Site C is ready to Commit. AS tnis is

the only t(w) version that r3 was *aiting for, 13 can noA

broaccast a commit message to all its sites. At tnis Point,

transaction T2's temporary versions ill nave tnelr

designation changed to t(r), tne locKs neld by 12 w il ce

released, and messages will be sent to Ik's Initiatina site

indicating that the sites are ready to commit. Lastly, 1z

will oroadcast a commit message to tnose sites.
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IV. EXTENSIONS TO TH. PR~jPWSk. ALGWuIT i.

A. LONG-LIVED TRANSACTIONS

The usefulness at tne transaction concept in

applications such as electronic fund transters, airline

reservations and car rentals nas oecone evident in tne past

few years. The traditional transiction mooel tor these

applications assumes that the transactions are snort livea

i.e., tney are transactions of snort duration. mlever, tne

concept "transaction" does not in itself iwply any

limitation on the lifesoan ot tne transaction in d syster.

It Nould seem that a more general concect of a transaction

woula not impose dny time linit on tne aurdtion ot tre

transaction. In fact, there are Tany applications sucr as

escrow, travel, insurance, legal ProceeaInqs, etc., -n*cn cy

tneir nature require transactions ,nicn can last tcr a lon,

time, Gray [4j calls tnis class ot cransactions iono-ilvea.

Oe 4111 attemt to snos now tne transaction Tode! ano te

adaptive concurrency control mecnanlm presented in LtJ -ay

oe applicaole to tne problem of supoorting Iona-llveo

transactions. Tnis proolem is also adoressed in [2,j].



1, Comoensating Iransaction Approacr

In a conventional transaction environment, 4neren tri

effects oz a committed transaction must ve altere , a

compensating transaction is run to bacK tne value out. inis

metnoa is not general In tnat it only applies to comrmutatlve

operations and it is screwnat ceceptive in that tne user nas

oeen led to celieve tnat tne valQe or tne data ootect, Orlor

to compensation, was permanent wnen in fact it Aas no:.

Moreover, other users may nave mane Qecisions cased on tne

cata ooject value with the understanainq tnat tne value ma!

be permanent. tnat each of tnese users nave ceen aeaini-

witn is tne outcome of a long-liveo transaction ano not a

permanent adta oo3ect value. It may ce true tnat

individuals who work in tnis environment are a~are ot ctp,

pitfalls of maKing cecisions in tnese situations anj act

accordingly. 6ut, we oelieve tnat tne system should proviue

a vehicle whereby the user can be mace explicitly a~are tnat

the data value he Is dealing Witn is tem~orary.

Additionally, tne compensating metnoa itselr Tay not ce

generally applicacle, tnis may be because different parties

Ano are affected or involved in the long-lived transaction

seem to nave diftering views as to *nat constitutes a

transaction, For example, from Gray 14J, in a reservations

scenario: "The customer tninks Of tnis wnole scenario as a

single transaction. Ine agent views tne fine structire of
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tne scenarlo, treatinc eacn step as an action, 1me alrlines

and hotels see only indiviuual dctlons out vie te;, as

transactions, Ihis example raes it clear that actions 1'-y

De transactions at the next looer levei of acstraction."

2, A More General Approacti

It seens that organizations whicn oeal Vitn toe

applications Listea aocve view tneir transactions ,itn

customers as separate actions even tnougn each action fi:ust

oe accomplisnea to satisfy the customer's reouest. 6ome of

tnese actions, are long-lived, vsing toe reservations

example, it seems tnat tne transaction invoiveo nas tho

levels of atomicity; one dealing *itn tne generation of

temoorary datd and tne other *Itn coannit,rent (or aoortion)

of the data, It is this property ,nlcn leaos us to velieve

that a mechanism should ce proviae to tne aataoase user

that can make the nature of the aata more explicitly <nohn.

In this regard, tne user requires that two choices oe race

availaole to him oy tne system : a) the atility tor the user

to Oe Made aoare of the temporary nature of tne data onject

and/or o) a capaoility such that the user can oe presented

with the illusion that toe temporary data is Per~anent wnen,

in fact, it is not. Nothing me see in toe coirpensatina

transaction scheme alloms for cnoices such as these. Another

conceptualization of tnis Idea is to view t,e ten-orary oata

ILas conditional data which becomes true only wmen toe
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long-livea transaction commits. For exampile, tn e rr&-z L 1

of a loan to an applicant is a temporary state for an escroh

process as it is Precicateo on all or the conaitions ot tie

escrow oeing satistiea. Ine loan is executed (car .tteo)

only it the conaitions are met; otnerwise it is cancelen -

(aborted).

3. Temporary Versions and Long-Livea Transactions

AS the adaptive concurrency control al-oritn- is

basea on temporary versions of oaLa oolects ani temporary

states for data, one can expect tnat tne pro;oseu dt::cve

concurrency control mecnanism can naturally spoIDnrt tne

execution of long-lived transactions. nis expectation is

based on tne fact tnat the algoritnm treats ionq-iiveo -

transactions in the same manner as svort-livec transactlons.

This manner of treatment is Possible as ootn types of

transactions generate temporary versions; tne orly!0

aitterence is that ionq-livea versions are more oersistent.

As a result, even trougn lonq-lived transactions seem to

generate mostly temoorary data, they provide no adaitional p

complexity for tne concurrency control mecnanism.

The transaction model and the temporary versions

introduced in tne oroposeo algorithm provide the properties

we deem necessary for tne user's more realistic view or nis

data, Badal L12J. Qur reasons tor coming to tnis conclusion

are twofold. First, tne suotransaction scneme ras tAo
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levels of atomicity, One aeals witn tne oenerati'v!,

temporary data and trie second Qeals *itn tne cor)(:!,ent or

aocrtion of all tne suctransaction's temporary ,,e-3'-s.

Tnis fits nicely witn our conception ot the two leveis ot

atomicity displayed oy long-lived transactions (fcr a given

transaction, all temporary data actions nave to occur or.0

all temoorary cata either oeconies oermanent or acorts).

Secondly, tne use of time stamps for temporary versions anaW

their permanent storage would allow tne concurrency cortrol

mecnanIsm to supcort queries using time rererences slcn as

".nat Nere the values ot data ocject x at ti.,e t"'. 1*-Is, C:

course, is a matter dependent on apolication recuiree ets

and available storage technologies,

4, Temporary Versions ana tne Comino ftect

Since the I-th version of a oata ociect is createc

by upoating tne Ci-11-tn version, ana since the 1-tn version

cannot commit until all versions it is caseo on co'i.t, tre

possibility exists for a domino etfect *hen a transacticn

aoorts. This Is true oecause nen tne the K-tn version of aP

data oo]ect Is acorted ail versions, J>K, nust also acort.

Problems wlicn may be posed cy tne domino eftect can

be minimized because tne eftect can oe limited oy the user

varying tne number of copies of the temporary versions

allowed to exist at a data otject at any one tire, i. e., cy

varying the value of "n". moreover, tne oomino effect in
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our scheme anj the compensation transaction ir r.e .

conventional system are in tact tne same thirg troir t e

user's viewpoint. botn result in tne user iosivq -,te "alue

o the data obeCt which was current in the user's vie* of

the database, However, it should be noted tnat the pro~oseo

adaptive concurrency control mecnanism itselz is intencec to

minimize Interference among transactiOnS. Tnis is aue to

the mecnanism's detection of non-serializanle execution on

the smallest possible granularity i.e., tne accessed recor2

field. This will decrease and Possibly eliminate all

conflicts amonq transactions.

It may 6e possible to milnimize tne lomino efiect for

the proposea algorithm througn tne application ot t40c

methoas, rne tirst methoa would caolalize on t:ne

commutaole nature ot most types of data in tne

atorementionea apollcation areas. Tnis would allo* versions

oased on an aborted version to remain active after some

acceptaole adjustment to the datd oVeCt values. 'ne use ot

a recovery algorltnm based on the semantics of the data is

the otner method wnich coulo help to abroqate any priiary

concerns about the ettect of multiple temnoorary versions

being aoorted. Ihis scheme is closely associaten witn tne

particular type of application tile Dd5 is servicinq because

semantic considerations are directed to the meaninq or tne

data. An example, from Fassol Llu, hIll aemonstrate tne

semantic constraints wticn may apply to a aata oclect: in a
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credit-debit environment, "money is conserven", i.e., 'r 1 '

credit to one account must be matcneo to a denit tc -e

other account, To facilitate tnese Kinds of 3er tic

considerations, the DbMS nust be aole to proviae t'e

application programmer gitn a vehicle tor construction ot

semantic-based algoritnms Nhicn can oe a4lizeu to tne

temoorary versions resident at a glven aata ooject,.

5. Conluio

rhe prooosed o0timistic concurrency control

algorithm seems to have an innate aoiiity for nanolin.

long-lived transactions, deca.se tne algoritnm can orovioe

to the user a more realistic vie* ot temporary oata r le

provldlng a nion level of consistency, we believe its

extension to the problem of long-lived transdctions mlgnt oe

possiole,

A distributed altabase system has tne potential

advantages of greater data availability and rellaillty

since cata objects may be replicatea and nence accessea at

several sites throughout the system. It, nowever,

consistency among copies of the data is more important tnan

availability, multiple copies nignt not provide any

improvement in availaoility. Witn consistency as trie

primary concern tne system would either oe molding iocKs on
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data objects to prevent inconsistencies from arisinq O: r t

would be spending a large amount of time aete-tinz nri

resolvin; inconsistencies, Eitner ot these aczicns

detract from data availability.

Mutual consistency requires that it all upoate activity

were to cease, after some period ot time all cooles of tne

same data will converge to the same value. inere are

numerous known algorithms for maintaLninq rutual consistency

during operation ot a aistriouted dataoase, Lo,7,1J,14 .

Ihese algoritnms don't, however, aeal hith tne aaael

complexities wnicn arise *nen tne network necoes

partitioned, A networK partition occurs wnen tko or tore

aisjoint subsets of sites in tne networK can not excnange

messages through the networK even tnougn some or all o! tneT

are operational.

i. Partiti'nea Processing

Given that a system is partitioned tnere are tnree

different general approaches to nandlilno transaction

processing. with each tnere Is a trace-off oetween tre

level of data availaoility ana tne amount of ettort

necessary to restore system-wide consistency once tre

partition ceases to exist - as avdilaoility is Increasea so

Is the amount of effort required for restoration of

consistency,
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a. halt Processing

Une possibility is to halt ail t rsactjon

processing until tne networK is completely reconre:ti.

This is one extreme wrereby data availaoiity Qoes to zero

and no need exists to restore consistency upon system merge

(due to tne partition).

0. Cne Site execution

The usual solution is to alloo or-ly sites Attni

a chosen partition to process transactions that upaate aat

objects. All sites still nave the caodllity ot acceotinu

read-only transactions, tnough the ddtd reao will possiiy

oe out of oate. mnis solution certainly allos some ae,;ree

of availability, tnougn at a cost o± the overnedo necessary

to correct arising inconsistencies. Any inconsistencies

wnicn do develop, however, are :airly si.;Ple to resolive

during system reconciliation. ±he resolution fay De

accompiisneo oy merely propagatinq any uvdatea data oo.ects,

trom Zhe one and only site wnich Nas allowea to ia a

updates, to all other sites *here that cata is reolicatec.

c. Concurrent Lxecution

Another solution would oe to cntirue operatir.i

all sites "in parallel" curing the partition ana to

reconcile the aatabases at oartition merge. I: ouln oe

worthwhile to nave all oartitions in operation (alloin;

Ootn read and update capability) it availaollity ot aata is

more Important than udintainlnq its consistency, provice i

39



i:7!

I.

tnat "conflicts" between ccpies ot jata car, d. ys

automatically reconciled Wnen coiunlcations are --

established,

2. Requirements For Concurrent txecution

It sites ltnin disjoint partitions are allowea to

continue operating, tnere are three general requireTents

which must be satisfied in order for a system to ie vianle.

a, Integrity (.onstraints

Integrity constraints must not 3e vio.itea. lr e

two components ot Integrity constraints aescrited in Faissol

[10] are operational constraints and semantic constraints.

Uperational constraints wnicn mignt result in

inconsistencies In any given pdrtition will te ianalec cy

our concurrency control mecnansm, 6emantic constraints

present in eacn Partition of a partitionea networK neea not

differ from the constraints present *nen tne networK Is

completely connected,

If, nowever, tne semantic constraints cresert

when the networK is comoletely connectea are correctly

modified to retlect operation in a partitioned environirent,

the system reconciliation cdn, in some cases, oe maoe a

trivial process. That is, if sufficient semantic KnowledQe

is used, the transaction schedules produced in eacn

partition may be made independent, If Site A Is oartitionee

from Site d and the partition's transactions are

40
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independent, tne reconciliation process may orocee:z s

follows: Site i's tranbactions could oe executei on .o: ,r
0

Site A°S to produce data ociect values at Site A At:icr coul"

then be taken to have tne "correct" values. inese nem

values mould simply be passed to site 6 and instdliez at tne

replicated aeta objects.

Semantic constraints present *nen tne net~ori, is

comoletely connected must necessdrily oe modifleG to ailo2

updates witnin disjoint partitions. Consiaer an air.ire

reservation system and a specific iliont vitr 2Qu seats. it

is oovious that it the reservation systet were to Parzition,

It woula not be teasible to allow tne reservation o: 2U.I

seats within each partition. %erantic Kr.owIeie zz E

aictate tnat each partition tias control over reservat.ons

for halt of the seats. Certainly tne necessary sei:.anic

modification for tne partitionea environnent *ill ce

ppllcation aeoenaent. Also equally certain is tne tact

that in any relatively large system It vouia De imposSiole

to proauce a complete set of semantic constraints Ahicn

would oe capable of nandling all possible partitions. ne S

therefore see tnis semantic approacn to ControllinQ

reconciliation as being o limitec usetulness and as

certainly not oeing aole to nardle reconciliation In tne

most general case.
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b, Control External Action

External actions must Ce controlleo. '"nese

non-recoverable actions Ce,4. a discersea payment). iecdQSe

. of the independent processing nature of eacn partition, troe

problem of external actions is complex. Tre cataoase

manager most likely will restrict external actions Aren

operating under partitions, possIoly oy dll)A&inC only Cnosen

sites to execute transactions not easily reversea.

c, Restore mutual Consistency

upon elimination or the oartition, IT.UtUdl

consistency among replicated uaa oolects must oe restoreo.

Tnrougn tne use of the concurrency control mecnanisr trle

Internal consistency of any one partition can oe preservec.

However, since there is no communication oetween tne

partitions, the transactions executing in eacn Partition nay

cause the values of data objects replicated In oif:erent

partitions to aiverge. This divergence destroys zn icuai

consistency an results in a adtaoase no longer meeting its

assertions once the Dartition is meroen, As jiscusse

above, semantic constraints may oe utlizei in a linitea

numoer of applicatlons to acnieve tne recuire-

reconciliation, Oiscussinc a general solution to tne nutual

consistency problem is the primary yodl of -ris section.
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3, Solving The mutual Consistency Problem

In order to ascertain the correctness ot ..e

approaCh to be presented in tnis secLi'lo *e ,us- inae an

understanaing of what correct operation in a ?arttonei

envIronment consists of. Ae will consider first an iiea

wnich is presented in Faissol tijj.

If 5 is a schedule composea of transactions n-vina

executed *itnil two is]oilnt partitions, Ae ari concernei

with determinirg a schedule equivalent cC sorte serial

execution of S. it need not necessarily oe a scnecule

equivalent to 6,. It snould be understooa tnat tnis corce=L

of scnedule equivalence might not produce the same resuls

as 4ou(j be obtained from a connected network (iue to tne

concurrency there may oe aitferent "correct" sets of

resultS), tut this will cause no Proolem it serializacility

is the criteria ror correct system operation.

Our approach tor handling mutual consistency td<es

the tollowinq form. Atter a partition occurs, transactions

within each partition will, continue to execuite aaainst tneir

data oojects, some of which are rewlicatei in at least one

other partition, itnin each partition, at a site

designated the control site, a Partition Log is createo.

This log will nave information acCumalated in it about every

transaction's activities within tne partltion. It ,1ll

contain information dcout activity against eacn oata ooject

SuCh as transaction-IDs, read and write sets of the



transaction, contlict histories, and tne Old arim new ' ii1es

of the data object. The necessary infornation , ze

collected by each transaction as it passes Lnroum . e

system, his intormation *111 be oassea to ani storen in

the Partition Log In tne oroer in wnich trdnsactions nave

finisned execution, If a transaction whicn nas colpletea

its execution is rollea back by the concurrency controller

in order to maintain serializaole execution witnin tre

partition, ten it will te necessary to re'nove tahe roiled

back transaction's data from tne Partition ioq. Tnis ail

result in a total oroerinq ot tne transactions for 6 Czven

partition,

At partition reconnect Lime, activity will Oe

allowed to continue only for transactions wnicn nad aireaov

bequn execution. It is necessary zirst to create a Static

environment througnout tne system sucn tnat no new

transactions are allowed to enter ara all old ones nave

completed execution.

The reconciliation process beqins by usina tne cata

containea in each Partition Log to create a serial scnecule

for that partition. Since the schedule contained witnin any

one Partition Log resulted trom execution insured

serializable by the partition's concurrency controller, tne

serial scmedule produced is guaranteed to be cycle free.

Next, it is necessary to construct a global

precedence relation utilizing cotri tne serial sciedules
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which nave been Produced and information containei in eicn

Partition Log. Once tne glooal relation is construct.ez it

is necessary to inspect it for cycles. It tne reidtion LS

acyclic then the transactions contained Aitnin are

serializaole (Uavidson L15J contains a proof ot tL1S) dno it

is sufficient for restoration of consistency to torwarc the

updated values of modified data oojects to tne sites .nere

replication occurs,

doth orignt [lj anm waviason Lit) oscuss tre

construction and use of a Preceaence grapn to oroviae a

means for determining the transactions wnicn snuuoi De

rolled oaCK, ive will use their aporoacm, moditleo to tit

our implementation strategy and concept ot conflict

histories and precedence relations. Ineir precenence grapn

G = (V,E) is defined as tne vertices V oeina tne ,,nion ot

the transactions from all Partitions, dnd the eQges E oelnz

the union of "Oependency Edges" (Oright, or "nt pple Eaaes",

Daviason) *itn "Precedence EoQes" and "Interference Ed es",

Dependency Eages are ecoes *nicn represent tne tact

that one transaction read or wrote d value wnicn nac ceen

previously updated Oy a aifferent 'transactilon in tne same

Partition, Ine presence of ereceaence Edges indicates tne

fact that a transaction read or wrote a value Anlcn Aias

later cnanged oy another transaction also in tne saire

partition, interterence cdqes appear wnen a transaction in

one partition has read or updated a data object and any
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transaction in anotner partition also nas upaatea LF dt :

object.

fhe "lepenoency Edges" and "erecedence t Jqes' rve

already teen constructed by our concurrency contrclier wricn

has remained active within eacn Partition. 'Iney are

Includea as conflict nistory pairs in the Partition Lous.

it still remairs for us to construct a contlict pair for any

transaction which reads or Writes a data ooject in one

partition ana tnat same data object Is uoaatei lr: a

different partition - tie Interterence Edoaes.

For example, if transaction £1 reacs data ocject i

in partition Is ana transaction '12 writes oata ooject a in

partition 1I, then the conflict pair "TiTi : a" must ue

Includea in tne glocal relation, It botn transactions naa

written aatd ob]ect a tnen each control site woulu insert a

conflict pair in the glocal relation. "TIT2 : a" and "12ii :

a". rnis woula easily oe detected as a cycle ana eltner .i

or 12 would oe rolled racK to a point wnicn proceedeo its

execution on data ooJect a. rne netric wnlcn Tust ce

present in conflict pairs snould oe calculated as a tunction

of the oorK wnicn each transaction *as pertormed,

unce ail contlict ;airs are constructea it oecomes

convenient to consider each partition's control site as the

only site witnin that partition. Ehat control site snould

nave the complete set of confliCt nistories wnicn Aere

derived from ,Itnln its partition plus tne aaa
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"Interference Edges" and it srouLd invoke a "-arti~c¢

Concurrency Controller" algoritmm ahicn is essenfliiy c;r

Implemented procedure "GLOEAL..R" (see Accendix "J. Llis

invocation will cause the passing ot conflict nistories

betheen control sites and the suosequent aetection ot any

cycles. The cycles will te aetecteo ana elihinqted in

exactly tne same way as Is taking place at cotn aait ocjects

and initiating sites *hen the proposed Concurrency control

mechanism is insuring serlallzaole execution witnin a tui.ly

connected system.

by insectinq toe gluual preceaence relaticn, r- e

Partition Concurrency ControLler finas eitner transactions

Involved in cycles or tnose wnich are not. eor those

transactions not part of a cycle, tre transaction is removei

from the relation and the values o± tne oatd ou3ects upoatec

are forwarded to the other partitions noloinq tnat aata

ooject so that these data oolects can oe reconciled, .hen

the mechanism aetects a cycle it chooses toe loest cost

transaction (possibly the one naving tne temest transactiors

dependent on It) and senas tne transaction to a re-executicn

list. This process continues until ttere are no

transactions left In the relation. Lastly, the re-execution

P4 list is emptlea by Drocessinq the transactions present in

the list,
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4. Partitions Create Lon-Lived Transdctions

Consiaer now toe example oresented eariei-: In

Chapter 1L, dection b. AssuMe tnac after transaction. i 's

subtransaction, STJI, arrives at Site e, a partition occurs

isolating site E (13's initiatiny site) trom tne otner

sites. Thus, 5T31 is unable to return to its initiatino

site, It will, as oefore, execute on data onject t and

create its temporary version tnere. It .ili also remain at

Site F waitinq for the partition to Ate. .nat has ceen

created cy the partition is actually a type of icnO-ive

transaction. rnis transaction wIi oe automaticaliy nanclea

by the system Decduse it creates a temporary version in tne

same manner as do transactions wnicn are not lona-livea.

The fact that the temporary version created is prooacly cr;e

persistent (it may exist for hours, aays or weeKs) than poet

other temporary versions does not Introauce tne neea for any

special nandlinq o sucn lonq-Lived versions.

A transaction wnicn is inPut into tne systeni ano

wnicn is long-liveo due to tne transactlon's very nature

presents proolems in a partitioned environment. To rerge

the partitions it is necessary, as was mentioned aoove, to

cease new transaction input and to aliov all presently

executing transactions to complete execution. £nls 7ay not

be feasible for the lono-livea transaction as it miint taie

weeKs for it to complete its execution. This remains a

problem *Mich deserves furtner investigation.
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V, SIMULATION ANO IESTING MEIHUPULUGi

A* INTRODUCTION

In orner to test the proposed adaptive concurrency

control algorithm and to orovice some meaninqtul

measurements of Its capaoilities, a simulation ot the

mechanism was implemented. 1he simulation -&as oroara, mea i

UJC VAX-il PASCAs and executea on the WEC VAA 11/7oo runfninc

under VAX/VMS, Source code for the simulatiun rnooel anr

output from example simulation runs are providea In

Appendices 6 and C respectfully,

The simulation was designed to facilltate a crasea

approach for investigation of the algoritrim in the areas

aodressed in previous sections ot our tnesis. Ine flrst

phase, which is tne target phdse tor our impleenation

effort, is an initial test of tre oasic algoritnm's aoility

to act as a local concurrency controller for eacn uata

ooject ana as a site concurrency controller tor one -lven

site. Data structures and processina modules, designed anc

proqrammed for tnis first phase of simulation, mere aeslyne!

in a manner which would insure their extensioIlity in any

future phase of investigation.

Future investigation of the algorithm's capaDiiitles

would center on its application to the Partitioned network
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environment, In this context, tne aigoritnm would not cr,

act as a local and site ccncurrency control mecnarisl .t

also as a concurrency control mecnanisln at parto -erge

time.

Because we envision the Integration or expansion ot our

simulation to other areas of interest in aistrioitea systen

software design, we elected to toreqo any tyoe of

prooabilistic modeling sucM as found in uavIUson L1J.

Instead, we opted tor a more praqmatic arorcacn involvin

standard oata structures sucn as linKeo lists, arrays ari

records. Tne remaInaer of this checLer elaoorates on our

design ana testing scnemes.

B, DATA STUULTUhES

1. Transactions

Transactions are implemented in the simulation

design as a linked list structure pointed to oy a glocal

variaole (TIA&.?'PM). Ine structure contains tnree entities

ot differinq types: transactions, suotransactions ana atomic

actions. iesicinq at tne nignest level in tne structure is

the singly linked list ot transactions. Eacn transaction is

uniquely known vy its identifier: iINIT.SITL,rMANS_NU',1.

Witnin each transaction record field are oointers ana tielas

wnicn are used for structure navigation ana orocess

accounting. For a given initiating site there can exist uo
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to one nunored different transactions. Eacn transacti r

active in the structure up to the point in time -r'en i' is

committed; at tnis Juncture, tne transaction ana any o: its

pointers to lower level list are removea from the structure.

Every transaction noae Points to a sinqi7 !InKe-

list ot subtransactions eacn ot 4nicn is identiziec ny:

irINTSITEeTRANS.NUM,51.NUM ) Suttransactions are the vasIc

units for scenarios wnere tne F'OtK and JU.' ooerations are

USed. The suotransaction rooe proviaes tne nead ot trne is-t

for its atomic action string, A trarisacrion may owrn up t.

one nunarea unique suctransactions. Aitncu,- r

subtransactions are not autonomous in tremselves, they can

be consiaered tte execution entity in our sceheme as tneir

atomic actions must be processed in linear oraer as tcney

appear in tne string. A given suotransaction, on tne otner

hand, may ce executed ,itncut reqara to tne ordering of

suotransactions in a transaction.

Atomic actions, containea in another sinqly lin<en

list pointed to oy tneir suttransaction, constitute the last

ano lowest level in tne transaction structure. Identifiers

for atomic actions contain four fielas:

4INIT.SIE, RA5.NUM,ST.NUO,AA.NUMQ. AtOMiC actions contain

all the information tne execution process requires to

simulate transaction execution in tne system, The _..A-Lu,

0.ID, and mtiIC fields in thie atomic action oroviae tne

necessary Information to be able to access and execute at a
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data ooject. Unce all atomic actions nave executez: tcr -3

given subtransaction and all suotransactions nave execrate'

for a transaction, tne transaction's activity is cc:ci ec

except for commit, Ut course this is assuming no atort or

rollbaCK occurs, AS Previously noted, eacn atoric action

string for a subtransaction must execute In tne order in

whicn they appear in the string.

2, Conflict Histories

A conflict nistory, presentea in chapter liI as:

12 : lI213 : f : 4)

is implemented as a pair of noaes in a linKed list. In tnis

instance, the tirst pair rremDer would contain intor, atIon

about transdction T2's execution at aata oaject f an- tne

second pair memoer woulo contain 13's information, une or

more pairs in a list linkea oy the tirst pair mernoer

constitutes a conflict nistory. These conflict nistory

pairs are transformed Into precedence relations *nenever it

Is necessary to maKe a aeterminatiLon regariiny serializaoie

execution. The following entities ndve pointer fields for

contlict nistories: transactions, suotransactions, eata

oojects, and temporary versions. At tne datd oolect and

temporary versions, conflict nstories are components of tne

DO Log which provides information reoarainq serializaole

execution to tne local concurrency controller.
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Gn tPe otner Mana, conflict tistories resl=in'.

the subtransaction and trarsaction are used to .35s

information from transaction to transaction ana also tc jata

oojects visited for execution, in addition, tnese conrlict

nistories at the subtransaction and transaction are usec to

aetect non-serializacle execution at tne site level. -V4 e.

transaction is required to rollobcK part o it dto.'ic

action stream, conflict histories are ourueci at various

places in the system in order to insure no "nriantom" ron-

serializable execution is detected.

3, Oata Ojects

An array CDO.AkRAY), containing one nundrea pointer

slots, simulates datacase data objects. wnen data colec: I

Is active at a site, iO.ARRAY[IJ points to a record -,nich

contains lnformation aefininq tnat cata ooject, Ine recor,

also Molds pointers for the temporary versions, locK oueue

and conflict nistories present at tne data object.

Temporary versions can reside at a oata object in ouantities

determined oy tne value of "n" coded into tne aata ooject in

field NCNT. For any one simulation run tne aata ocect

parameter information is static.

4, Data Dictionary

ahen an initiating site preoares to execute a

subtrdnsaction's atomic action it must oecide wnere tne
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target aata oo~ect is resident. Tnis information resiues i,

an array of pointers (DIC.Ar AY), UIC_AmkAY('. noli tne

initiating site's own site numuer so tnat no irstanca c: t:e

simulation execution in a computer is cependeit jn site-

specific code, i.e., if an initiating site neecs to Know who

it is, it interrogates its instance of £IC.A tAxCuJ, or

any cata object i, DLC.ARRAILij contains a LinKed jist

specifying at whicn site data oDject i is resicent. Ail tne

information for kURK, JilN and rePlicatea data is retiectez

in tne data dictionary arrays

C. SIMULATICN EXECuTION

1. Specifying tne Lest Environment

before simulation execution can oenin, tr.e

transaction, aata object ana adta uictionary structures must

exist. Modules nave teen proqrammed to proviae tne

structures to tne simulation from intormation input by tne

user. The provision of these structures Is a toree poased

operation,

In phase one the user specifies onicn cornoonents of

each structure will oe active for a given simulation

scenario and 4nat information will resiae in each structure.

Phase one is executed by tne processiny of module bLGo6.

Here the user is prompted via menus to proviae tne

information which will oe used to construct tne tnree
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structures, information contained in atomic actions, cA-a

oojects and tne oata dictionary can oe specified. jnct tnis

Intormation is input, it cannot oe crangea Ity t:;e ;ser

except oy anotner execution of bLa65,

Pnase tWo taKes the information providec tnrougn tne

use of ELODS, ohicn has oeen stored on trree tiles, ana

constructs the tnree PASCAL data structures. biDTX oui1Cs

the transaction, suotransaction ana atomic action structures

using only tne data which was provideo in specifing trie

description of the atomic actions, ireretore, atomic

actions must be entered in sorted oroer in d6Oi)W, i.e.,

(1,3,1,1), etc,

BLDoU constructs the data ooject structure from tne

information provldeo in bLDus: the data object numoer ani

tne value of "n" for that data oolect. A value of 0 tor "n"

Is not allo4eo by tne implementation oecause at tnat value

the algorithm uses a two-pnase locKing scneme ana 4e dia not

have time to program sucn a metnoo into our simulation. or

the construction ot aata ocjects, any data ooject it

1<=i<=94, wicn was not recuestea oy tne user in LUWS, 1S

indicated by :ne presence of a NIL value at L4F.AILij.

The data dictionary structure is ouilt cy noouie

BLDOIC. Again, tne information provided in vL60L is usec to

ouild the linked list ott array DIL.ARHAY. AS was tre case
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for the data objects, any data ooject I not in .se is

represented by a NIL value at LIC_-.RALZi,.

oitm tne execution of jLuDb, oLUTX, oLioUk, zLuIC

tne simulation nas all the infornation it needs to -egin a

run. One aaditional phase of structure soecification dilos

the user to specify the aadition ot temporary versions an

conflict histories to tne tPree structures built aDcve.

This pnase was Includea in tne simulation to oroviue tne

user with some degree of flexioility in tne testinq of

simulation modules and to allow the user to influence tne

simulation scenario in the areas iealinq #itr. Iona-liven

transactions. modules SAVCH[V and CUNCriI/ execute in tnis

phase.

2. Algorithm Simulation Execution

wtrn the data structures built in the aforementioned

routines, tne simulation is ready for execution. rne

following aiscussion is an explanation of now transaction

activity is simulated and ho* the algoritnm implementation

performs its functions.

Once control is passea to the main looD of tpe

simulation process (A6GOSEST), a random selection process

takes olace which simulates concurrent processing of

subtransactions on a database. At ranoom, a transaction and

one of its subtransactions is selected for a set amount of

processing. oe agaln note that atoinic actions are selected
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in the order in whicn tney appear in a suotransaction. 'k,

amount of processing activity allotted to a selectea dto-i-

action is controlled by steps defineu In a CASc -te,:,ent

within module EXECUIE. or each random selection ot on

atomic action, one step of the CASr. statement is executed

for that atomic action. The fourteen steps In KAiUIi

delineate tne execution activity for all atomic actions.

*ithin the CASE statement is fount the code Anich

invoKes the irodules that implement the anaptive concurrenc*/

control algorithm as a local concurrency controller. £nese

modules Insure that the atomic action activity at a 7iven

data object Is serializacle. Local concurrency controller

processes are callea whenever an atomic action ha3

conflicted with another in sucn a *ay as to indicate tre

possibility of non-seriaiizaole execution, Since ;otn tne

atomic action activity and tne implementation ot tne

algoritnm are programmed in the CASE statement, decisions as

to Nhen tne adaptive concurrency control mecnanIsn is to ce

InvoKed are easily made.

Conflict histories constructed as a result ot -ito ic

action execution witnin the CASE statement (in tALCUTt) are

propagated to tne subtransaction and transaction structures

in addition to being placed at tne cata object, nls is

done to simulate tne suctransaction's "carryinq" ot its

conflict histories during its travel tnrough tne system.
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simulation ot tne site concurrency controller is ::e

other main function pertormed in tne main 1000. At et-cn

pass tnrouq the main loop of ALuO_.T 5r, one irvication ot

EXECUTL and GL iAL. s is performeo GLObAiSm si,1apiy

inspects transactions at critical junctions of tneir

execution and determines wnetner or not ncn-serializaze

execution has occurred. it it has, serlalizacle execution

Is restoreoo Naturally, since the local concurrency

controller and tne qlobal concurrency controller are zocr

implementations of the same alyoricnm, they utilize tz;e

services of common suoroutines. eor instance, e

DETECT-.GLOAL.S rcutine is invogeo ohen tne site controller

is checKing for non-serializaole execution and *hen an

atomic action times-out at oata object ana is placeu in

the lock queue.

The main loop invoKes tLXCUT and G5UBAL-R until

all the transactions in tne structure nave coqii.ttec.

Simulation activity is reflected in tne output repcrt

AUDT,DAr, Since AUDLToDAT is a sequential log ot orocess

activity from the beginning of simulation execution to tne

comiratment of the last transaction, the report can ve Qsen

to audit simulation activity at critical stages of

processing.
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D, TESTING SCLNARIUS

A simulation run can be tailorea to exercise tre

algorithm in various ways, An explanation ot the carareters

which influence an execution ana the possicle eftect a

parameter can nave is tne goal ot this section.

Inrougn the use ot the LDLS module tne user can control

botn the complexity of the transaction stream ano tne

conflict rate at data objects. That is, it a larqe amount

of atomic actions are input *hMcn access a sn, azl numer of

data oojects, it follows tnat the conflict rate Aill -e

nign, Then aaain, it a small number o atomic actions are

accessing a large quantity of cata oojects tne contlict rate

will oce small and may well oe virtually non-existenm. An

indication of the amount ot syncnronization overnead

required oy the adaptive concurrency control mecnanism can

be obtained vy inspection of tne audlt report ror varyi.:

conflict rates,

BLOUS can also oe useo to set tne "n" value tor cata

objects. This parameter, in conjunction witn the oeiay time

factor, affects tne frequency and quantity ot atomic actions

entering tne locK queue, wf course, the "n" value also

determines the numoer ot temporary versions allowed to ouiLd

up at a data ooJect. A prompt to tne terminal oetore

enterinq the main loop allo*s the user to enter the delay

time factor, the delay time is tne time allotted to an
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atomic ac.tion before it times-out waiting for a sor rt

duration lock to be removed at a data object.

Since selection of atomic actions is preoicate. or a

random numoer generator, ditterent seeds to tne 4enerator

can provide ditferent simulation results even it aii otner

test parameters are held constant. 1he seed is requesteu L;7

a prompt oefore entering the main 1OO execution.

The presence of long-livea transactions at a data otject

Is slmulateo oy the construction ano placement o a

temporary version at tne target data orject. Anotrier promft

at thne oeginning ot a simlation run alioLs tre iser to

Input temporary versions and place tnem at tne aesired Cata

oojects, ey varyln- the mix ot the dforementlonea

parameters, a user can generate a wiae variety oz simulation

scenarios.

Our initial tests of the algoritnm involved tne input of

successively more complex transaction schemes. Ae oeqan

with simple transactions shicn could not possibly conflict

with each otner in order to insure the valiiity or our

design. 1o test the local concurrency control mecnanisi, ,.e

input transactions ,itn the capaoijity ot gener*tinq si~ple,

two node cycles In a precedence grapn. As oe gaineI

confidence in tne simulation, we tried transactions tnicn

were sure to conflict toth at tne data object level ana at

the site level. These more complex trdnsactions resulted in
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cycles involving four or more nodes in a nreceience

relation.j
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V1. TEST RESULIS

Once thle simulation was operational, we were ccr'cerne

with two oolectivess First, w~e encevoured to insure

ourselves that tne Implementation ala in fact retlect tne

proposed algorithm in the areas of locdl concurrency control

and site concurrency control* Secondly, 4e were interesteo

in the analysis of simulation output In order to ce acle to

maKe some meaningful jud~gements on tne al.. :ritmls benavior

and Possibly its perform~ance. Our testiLng mietnooogy,

designed to m~eet these two oeiactives, involved tne settin

of various simulation parameters Prior to a simu.Lation run

and then Inspecting tne output audit listing for test

results. Appenaix C provides a sarrpie output listing trom

the AUDIT.LAT tile created as a result ot a simnulation~

execution,

the parameters wnicn we were acle to vary for any one

simulation run are as follows, First, tne complexity of tne

transaction input stream, Ise*, the quantity of atomic

actions and the atomic action execution activity at any one

data oolect, Second, tne number of temoordry versions

4 allowed to build up at a given data ooject. This parameter

is varied by changing the "nN value at a data ooject ("n" at

a data object Is static for a test run of the simuJlation;.

4Third# a variable time-out value for all ddta oolects
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provides the final run parameter, Snorter lelay ues

Insure that SUbtransactions 6i1 encounter snort term, 1Oc<s

at data oojects and, as a result, triqer tne oJdloCK

aetection mecnanism.

A, TRANSACTIUN STREAM INPUT

Tnrougn tne use of small transaction streams *nich

proouced simple cycles, we assured ourselves tnat tne

proposea algorithm performed as an oPtiaistic concurrency

controller at zoth the data object ana tne initiating site

levels, The simple cycles were aetected, atomic actions

were rolled tack and reexecutea ana seriallzaoie execution

was restored.

After these simple tests we allowea more involvel

transaction streams in oraer to investigate tne alqoritnm s

behavior in more deptn, 4e discovered at tirs stage of

testing tnat our rolloack ana reexecution scheme, folio~inq

the detection of non-serializaoie execution, as not

sophisticated enouqn to insure tne commitment of transaction

streams *nich qeneratea complex cycles. Tnht 1s, after

detecting a cycle, our strategy selects the least costly

conflict pair Loased on the metric) wnicn will oreaK tne

cycle, It then rolls oacK both O these atomic actions ani

inserts the atomic action wnicn nad executea last (in tne

pair selected) into a reexecution list. Tre reexecutlon

list Is a queue whicn will always insure that tne atomic
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actions contained therein will execute in the oraer in -cn

they were entered, ano without any interveninq executicn on

the part of other atom ic actions, Any otner atomIc dcz.lons

not contained in the cycle wnicn must oe reexecuteo as -

result of an atomic action in trie cycle oelng rolled c3CK

are rolled DacK and reexecuted Predicated on tneir selection

by the random selection Process.

Tnis strategy is too simole in tnat it apoears to ce

necessary to also insure the serial execution of tne ocner

transactions wnicn were involved in tne cycle *ren tne cycle

is complex; otherwise, tne simulation experiences continual

rolloacK and reexecution of tne same atomic actions.

However, we were aole to run the simulation for a 7erioc of

time in order to demonstrate tne non-serializacle execution

detection capabilities of tne algorithm. An.en corplex

cycles resulted in continual rolloacK and reexecution, Ni

aoorted the run and relied on tne Partai output for test

analysis.

In the followinq sections, we discuss our ooservations

reqaraing the effect of various testinq parameters Ic tne

greatest extent possible, we neld all out one o: tno

simulation parameters constant for a series of simulation

runs and observed the changes the one parameter produced in

the output. In addition, we provide comments on our

experiences with the proliferdtion of conflict nistories

tnrougnout system data structures.

c4



S. TIME-OUT PARAMETER

Tne time-out parameter determines now lonq a trinsaction

waits tor tne completion of a transaction executing at a

data ooJect cefore tne waiting atomic action enters tne IOCK

queue, This oarameter provea to be of great consequence

during testing* 4nen very short delay tt=.es dere useu,

subtransactions would be inserteu into tne lOCK ouelie a a

±ast rate, Once in the lOCK queue, tne aeioritni requires

subtransactions to uass contlict nistories, wnicn refiect

the conflict conditions at the aata object, to tne

transaction level. Transactlons *nlcn appear in tnese

conflict histories then pass contlict nistories aronq

themselves. *hat is imnportant in tnis scenario is that trhe

tnis sequence of events provides cne site concurrency

controller *itn a nigh contlict rate and as a result, a nign

probaoility of naving to ndnale fairly compiex cycles

Involvinq possioly many transactions,

The ena result is a nign rolloacK rate *nlcn couli

easily involve all the atomic actions whiCh nave executec u

to that point, Under these conditlons, and because our

simulation uses a simple rolloacK and reexecution strategy,

the simulation orocess experiences a continual cycle of

rollbacK and reexecution witn oniy a small cnance tnat

transactions will oe allowea to commit* From test

observations it was evident tnat tnis situation qets *orse
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as more atomic actions are forced into tne loc< queue.

Therefore, longer transaction input streams mith many ato*ic

actions addressinq a small numuer o± data ocjects wil!

continually undergo a repetition ot rolloack ana reexecution

without commits,

C, THE "n" PA8AMETEe

Since the "n" parameter aetermines no% mny tempordry

versions are allowed to resiae at a data ozject, it also

contrioutes to tne prooiens observed wnen snorc aelay times

were used. The rate at wnicn subtransactions enter tne IctK

queue is accelerated when the "n" parameter is small it is

Obvious that the two parameters "n" 3nd tne aeiay time,

together, affect tne rate at onicn a locK queue is tillea.

To better understand wnat effect "n" ano tne aelay tactor

nave on processing, we tested witn a fairly lonq and complex

transaction stream and varied "n" and tne delay. The

results were very interesting.

.4hen "n" was set iow (values on the oraer ot I or i)

with a snort aelay time (values ot 1,2,J), the site

controller was unable to find a seouence of roilOacKs an

reexecutions wnIcn would commit the transactions. e

ooserved lonqer cycles Involving more transactions wnicn

necessitated the rolloack, time ana again, ot all atomic

actions. with a large "n" value and a long aelay time ttre

same transactions cominittea in a snort period of time. in
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tnis case, inspection of the audit listing snowed tnat tle

local concurrency controller and the site concurrency

controller nad to conteda with snorter cycles anu tf t fe*er

transactions were involved In the cycles, A long uelay time

and "n" set high seems to result in d lower contlict rate

for the local concurrency controller wnicn maKes it eas1er

for tne algorithm to tina a serializaole execution sequence.

With a more sopnisticated rotltacK an2 reexecution strategy

we feel that tne algoritnm woula oe acle to contend *itn

these niqn conflict rates caused oy suctransactions enterina

tne lOCK queue. Ut course, this can also te controlled ny

the proper selection of the two paraw-eters.

oilie atteidpting to tind a comDination of small 'In" an a

snort delay times wnicn wouic still co~mt tne transactions

we observed longer ana longer execution times for csae

sirulation runs. Tnis is understanaacle since tne conflict

rate and tne complexity of cycles arives the rolioacK and

K. reexecution process.

O, CONCURRENCY CONTROL OVErhEAD

It mas oean argued that under optilfistic conc'irrency

control the overnead associatea witn nonconflictinj

transaction synchronization is lo* and that tnere is

potentially hign overneaa ±or conflictinq transactions and

restoration of serializaole execution. Uur observations on

tne performance of the proposea algoricn oear tnis argument
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out, For noncontlictinq transactions tne only .

activity ooservea was tne construction of temnorary versions

and tne commitment of transactions. Aiti Con1':Cira.

transactions tne aigoritnm pertormed a yreat cedi of .orK in

the areas of construction of conflict nistories, oetection

of cycles, Propagation of conflict Mistories, aetection ot

non-serializaole execution, ana tne restoration ot

serializaole execution.

Of great concern to us during the impLementation a4
testinq ot tne algoritnm was tne amount of processing

required to deal witn tne contlict nistorles. Contlict

histories are propagated to data structures in a numcer of

ways. Ahen subtransactions fork tnrouan the system tney

deposit and collect conflict nistories at data oojects.

Iransactions excnange contlict nistories aurinq aeaOlocK

aetection ana during site concurrency controller activity.

Tne housekeeping o tnese conflict tistories during the

rollback and commit processes prove to oe quite expensive.

Lvery instance ot a conflict nistory pair #nicn was created

by the execution of an atomic action nac to oe tracKea aorn

througnout tne system wnenever the atomic action vas rolieo

oacK. It was also necessary to purge the system ot con±zict

histories related to a transaction wnen tnat transaction

committed, without this purge process false Information was

introduced into precedence reiations wnich resulteo in

erroneous cycles ceing Jetectea. Tnis is understanaaoly an
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untenable situation, vurtner investlaation into CnUs s; t

of tme aJiqoritflw is necessary to rea~ce tne Over,-,eO*J

Introduced by the propagation of tne conflict nistor.-s.
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VII, CON'CLUSIONS

In this thesis we nave investigatea three relatea topics

of current interest in tne tielc o aistrituted computer

systems software: optimistic concurrency control,

Partitioned networKs, and lonq-llved transactlons,

A previously proposed optimistic concurrency control

algoritnm was implemented and tested. Tne test results ot

the algoritnm and our implementation of it nave neen

discussed aoove (Chapter VI). ne present nere our

conclusions on tne teasiollity ana practicality of tne

alqorithm.

Though It Is understood that any workaole "optl.ijstic"

concurrency controller needs to oertorm wel! curing cerocos

mf low/no contlict, it is still necessary for it to tunction

in a reasonaole manner it tne conflict rdte is hi4n. ±. tne

transaction stream wnica is Input Into our simulation is

such that tne conflict rate is nign ana cycles of lenatn

greater than three are present, then our iiplementation ot

the algorithm often will not work. onile tnis was discussed

aoove In Chapter V1, we want to empnasize mere tnat tne

VA problem appears to reside not in tne algoritnm itsel±, out

in our Implementatlon of it. fnis needs to oe veritieu anr

is out one of many places *nere turtner investiqation is

required, we do believe tnat tnis proolem is lot
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insurmountable and tnat a more soonisticated awnrocrn. t.

selecting wnicn transaction to rollbacK and re-execute 4en

breaKing a cycle is a likely solution.

Of greater concern, because it deals more closely *itn

the actual algoritnm as opposed to our impleMentdtion, is

the proolem of eliminating conflict history pairs wncn are

no lonqer valia. That is, wnen a rolioacK occurs (or a

transaction commits) it is imperative to remove from OAe

system tne conflict pairs whicn reflect the con:licts wnicn

are no longer present, This is not trivial to accomciisn

without a lot of wasted ettort because tne nairs to :e

removed may nave been proPagated extensively to other

transactions, data oojects, and temporary versions. In our

simulation, Wnich is o a small system witn iew aata]

objects, it was possible to simply 1ooK everywnere for tne

conflict pairs wnicM needed to be purea. I'nls Woula,

however, not be feasible in a real system. ne hooe that

further investigation of this problem *oula reveal a r etnod

for Keeping tracK of where the conflict nistories are

propagated, tnus enabling a mucn more efricient scheme for

Purging them.

Next, we consiaerea how the concurrency control

aloorltnm would handle a specific class of transactions,

called "long-lived", wnich presents systems with some unlue

prolems lit appears that our alor tne ay be aole to real

with lon-laved transactions because tne temorary version
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mecnanlsm causes long-lived transactions to L?

indistinquisnable from otner transactions, Tre ap"oritnr

can also present a more realistic View to tne user as ti tne

status (whether or not It is committed/oermanent) ot any

lonq-lived transactions which might nave oeen input.

Tne tnird topic which was invesLigatea was that of

partitioned networKs within a oistriouted oatacase system.

Our algorithm also seems to be naturally extensiole to tn,

partitioned environment since tne mecnanisms required for

detecting ana resolving cycles ana nonserializaollity are

already present. Thus, extension of tne alqoritnm to enaole

It to nanale a partition merge snould ae :airly

straigntforward, mnis is certainly yet anotner area wrere

further #orX could be accomplisned - Elle actual

implementation of the extenaea algoritnm to enaole its

operation In partitioned systens. Aaditionally, tnere is a

need for further research into the protlem of now to aeal

witn long-lived transactions wnich are oresent in a system

which oecomes partitioned.
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APPL.NOIX A

THE~ PROSiA AL# O'IkTH

The three pnases o± the proposed adaptive ontianistic

concurrency control algoritnm are oescrioea below. The

first phase addresses tne execution ot transactions dt a

data object. uetection ot non-seraiizaoe execution is tre

objective of the second phase ana the tnirc pnase Qeais 'itn

tne commitment ot transactions.

Execution Pnase:

omlA. (more subtransactions in this trdnsaction) DuI
FOR each suctransaction DO or Du CO&CURENrtLY

r1ILE (more at6mic actions in tMIs suotransaction) OL
cnecK for locK on data object to be accessea
If IOCK XMEh

viAAL FOR rIE-OUT
END IV~
IF no lock THEN

acquire IocK
read/update data ooJect
inspect o log for contlict
IF conflict 'r ,

construct preceaence relation trom cc log
set s equal to number oi temporary

versions in the oo log 4itn nnicn
current transaction is in confl.ict

It' non-sr execution ITEN restore sr execution
send message teliinq contlicting

transaction to roil acK to site
of non-sr execution and restore
serializaole execution in most
economical manner

update conflict nistory
IF read/update based on temporary

version lmc
mark new version as t(Cv
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ELSE
mark new version as tCr)

E14D It'
ELSE

update conflict nistory
mark new version as t(w)

END Ir
ELSE

S = 0
mark new version as trr)

END IF
Dusn entry onto do log
IF s < n THEN

release lock
Lao IF

ELSL
enter lock queue
send message to own initiating site giving

conflict history ano iocation
enter detect non-sr detection phase

(if n = 0 consider all locks ana al!
enqueued locks as a part ot transaction
contlict nistory)

wait for 1oCK to oe released
END IF

END ohILE
EJD FOR
IF concurrent subtransaction TH4E

merge conflict nistories
END IF

END wHILE

Detect 4on-SR Execution Phase:

IF conflict history empty THEN
IF receive conflict nistories TmEi

send message to Inlitiatin site of conflictinq
transaction saying 'trans committed,

END IF
enter commit phase

ELSk
FOR each transaction in conflict nistory C0

send copy of conflict history to initiating site ot
each transaction

END FOR
FOR each conflict nistory/precedence relation receivea L'

construct precedence relation
IF precedence relation snows non-sr execution rHi

restore serializatle execution
IE transactions still executing THLti
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select least costly transaction Pair trom
among transactions that are still execuinr

ELSE

select least costly transaction cair
~tN IF
transactions in selected transaction pair roil

bacK to site of conflict ano execute in
opposite order

update conflict history
IF read/update based on temporary version THEN

mark new version as t(w)
ELSL

marK new version as t~r)
ENU if

ELSE
send Precedence relation to initiating site or

transaction adoed to prececence relation
END IF

END FOR
IF receive 'trans committed' message THEN

pass tnis message to initiating site from wnlcn
received most recent precedence relation

END IF
IF transaction completea THth

enter commit pnase
ELSL

contlnue witn execution phase
END IF

END IF

Commit Pnase:

IF all temporary versions are t(r) ThEN
send commit message to all sites at wnicn

transaction executed
ELSE

FOR each t(w) version Do
IF t(w) site reports 'abort' ThEN

roll bacK to site of abort
re-execute remainder of subtransaction
enter detect non-sr execution pnase

ELSE
IF all t(w) versions report 'ready to commit' THEA

send commit message to all sites at *nicn
transaction executed

END It
END IF

END FOR
ENU IF
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Note thlat the "commit message,, not only crian-ies t,'e

status of trie DU Log to committed, out It also remove3 ion

duration locks*
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APPENi)IX 6

SIM'ULATION SLCURCE Cur.

(type declarations tor sim~ulation moaules ;
Ccontained In tile "strtype.pas" #

(pointer types ;

otr.cM..Pair =Ocflmpair.prect;
Ptr..trans = 4trans.rect;
ptr..strans 3I*strans..rect;
ptr..dic o dicmrect;
ptr.aa a aa..rect;

ptr..IocK..q =1ocK.q..rect;
Ptri.o.perm a ado..perflm.rect: 5
ptr..cn a acrh..rect;
otrreexec " re.exec-.rect;

Crecord types *1

re..exec..rect 3record

init..site : nar;
trans.num :integer;
st..num Cinteger;
ad..num :integer;

nxt :ptr..reexec;
end;
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do.perm.rect = record
cm.ptr : ptr.cn;

tv.ptr : ptr.tv;
locK..ptr : ptr.lock.q;
no.reads : Integer;
no.writes : integer;
lock : ooolean;
n..cnt : integer;
s.cnt : integer;
locK.qty : integerl
cn.seq : integer;

end;

tv.rect = record' tv-ch.ptr : ptr-cn;

aa.id : record
trans.slte 3 record

init.site : char;
trans.num ; inteqer;

end;
st.num : Integer;
aa.num i integer;
r.w.lg: char;
do.ig I integer;
cn.seq integer;
metric i Integer;

end;
metric.sum. : integer;
nxt : ptr.tv;
stat.fld : char;

end;

aa.rect = record
aa.id : record

trans.site : record
init.site : char;
trans.num : integer;

ena;
st.num : integer;
aa.num 3 integer;

r..w.tlJg': char;
do.id : integer;
ch.seq : integer;
metric : integer;

end;

stat : cnar;
timeval : integer;
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ste..numf l nteoer;
have..OCK: ooolean;

nxt :ptr.aa;
end;

strans..rect =record

St..±d : ±nte~er;
aa..qty : Integer;
aa-.tr..qty :integer;
aa..tin.3qty: integer;
exec..tlg : ooolean;
tore..flg : coolean:
st..cn.v.tr : rtr-.cn;
mnetric-,sum : integer;
nxt : tr..strans

end;

trans.rect recorl1
st,,ptr 3ptr..strans;
st.qty : integer;
exec..lg : boo.ledfl
st..tr..qty :,Integer;
sr.tfn..qty : Integer;
transoosite : recora

init..site : enar;
trans-.num : integer;

end;
nxt : ptr..trafls;

end;

ch..rect =record
nxt :otr..cn;
pair.ptr : ptr..cn-.pair;
ad..id : record

trans-site : record
init..site : enar;
trans.num : Integer;

e nd;
st...num ; Integer;
aa-num 3integer;
r...lga cnar;
do.iO integer;
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cn.seq : Inteqer;
metric : integer;

end;
end;

ch.pair.rect = record
metric.sum : integer;
aa.ld : record ,1

trans.site : record
inilt.site : cnar;
trans.num : integer;

end;
st-num : Integer;
aa.num : integer; P
r.w.flq : emar;
Oo.id : integer;
cn.seq : integer;
metric ; integer;

end;
rend;

lock.q.rect record
nxt : ptr.lock.q; OKCPr prcn

ioclc.C.c,Ptr : ptr..cn;
aa.id : record

trans,.site : record
Init-.site : cnar;
trans.num : Integer;

end;
st.num : Integer;
aa.num : integer;
r.w..tg: cnar;
co.la : integer;
cn.seq : integer;
metric : Integer;

end;
end;

dic.rect record
nxt : ptr.dic;

• site.id :char;

end;
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(4 array types $

datO..ooj..array =arrayLl..9 iJ or ptr-ao-.perrr;

dataedic.sarray = array[UO9v] 0± pr.aic;

(variable aecidratlois for simulation Iocules 4a (4 contained In tile "srrvarepas" *

(Pointer variables 4

crans..ptr :ptr..trans;
reexec.ptr :pcr..reexee:

Carray variables 4

do..array ;data..ooj.array;

dic..array :data.aic..array;

(record variables 4

re...xec..rec :re..exec..rect;
tv.aec : tv..rect;

4 aaerec : ae..rect;
strans..rec : strans-.reet;
trans..rec : trans..rect;
ch-.rec : ch..rect;
cn.pair..rec :cfl.pair..rect;

q l~ocic.q..rec 3lock..q..rect;o
dic..rec :dic.rect;



KC file declarations )

trans :file of aa.rect;

audit, data, oataaic, dobj, run±le : text;

PRUGRAM tlddS (input,output,trans,otaacic ,'aoD);

( nls ouilds thne data structures for alootest E)

TYPE

%IN, CLUDE 'strtypepas /nolist •

VAR
*INCLUDE Istrvar.pas /nollst'
cn : char;
ansta :integer;
correctstoprun a boolean;

PROCEDURE read-.integer (VAR rnut :inteqer);

( rhis reaos an integer from tre terminal in cnar format
and edits It tor type, It loops erro r sgs until a legal
integer is Input. *)

CONST
goodset = E'01,,'9'3;
maxintdig = IU;

VAR
line : array Ll.,dOJ of char;
index,length : integer;
gooo.answer m boolean;

BEGI,4

gooa.answer := false;
*H i6L not good.answer O0

BEGIN
index := 1;
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FLA1)( ine(e*index.));
~whIL9 not(line(.ir.dex.) ) ana not eoin

and (index < raxintdig) U(i

Index := Inaex + 1;
RLAO(line( .index. J)

READLN I
lengtn := index;
goodanswer :

(index >1) or notClineL.Inoex.) ;
FOR Lndex := I TO lengtn UO

good.answer :
good-.answer and (iine(.index.) in 4oooset);

IF not good-.answer 1IMEN
bEGIN

FUR index := 1 £0 lengtn uO

OklIfiL%[Ois not an integer');
A~I~LN'piaseinput again')

E.NU
END; (*wnIe*j

num := 0;
FOR index := 1 10 lengtn DC

*num := nun' l u +(ord(11neL.index.))-oraC'Q'))
EIDJ (*proc*)

PROCEDURE write..auery (VAR ans : ntecerj;

BEGIN (*wq*)
oR1TELN('trhis Proc builds new files for testacc.);

oITELh(1wnat do you want to cnanqei-);
mRITELN;
*RITZLN('1 : atomic action tile');
vRITF.Li(W2 : 0"ata dictionary');
aR1TELN('33 data object file');

*RITELN;
*RIT~Crespona witn single agIit:=)='):
readinteyer(ans);

0 END; (#wq$)

PROCEDuRE cheCK.StOP (VAR stoprUn :ooolean;
cn :crnar);



BEGIN L*cheeK..stop*)
It not (cn In y, Unf )

case crh of
Pne ,PN' q stoprun :=true;
Y0,'~ : , stoprun := false;
o~: PRiflLw4error try again');

END; (*case*)
LND; (*check..stop*)

PROCEDURE const..trans;

($ this proc builds tne trans file disk fromn interactive
input *

VAR
stopruno'correct : tooleal
tempi..aaptemp2..aa : aa.rect;
in...nt :0 Integer;
outcfl~in..char,cn cnar;

BEGIN (*cti;)
stoprun := false;

r7. EGIN C*witn;)
init..site 33'01;
trans.nurn:=0

END; (*witn*)

ivITH tempj..aaaa-..d 00

st..num :x 0;K aa-.num 330;

K: do..d 0~(;
cr~seq 30;

metric ~:0;
L,40; (w i thM

K: *ITS templ..aa DU
p 6EGIN

stat :x;
time.va, :z -1;
step..num :x 0;
flaVe...LCK false;
in..lockq.tlq :z false;
nxt := nil;

temp2..aa := templ-.aa;
Li RE.aRlTEttrans);
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REPEATr (*until stoprun =true*)
mNITLLteyou are entering anl atomi.c action');

ARITELt .Ctne last aa youetrd s)

v'ITh temp1..aasaa.1d~trafls-site DU
ARITtti±nlt..site :.jltrdns-num :3);

WITi, templ~.aasaa..ld DO

oRITELN(lenter the new init-site intecer');
READLN(cra);
a'ilLE not (ch in LO,1,2,3,'''

Bk.GIN r pi' d 8' 9vI I

hkITELN~lerror try again');
READLN(cn)

iEITli temp2-.aa.aa1d~trans-site DU

(*converts init site to char for tilev)
wRIT.LLt4enter the ne rns numoer neer;
reaa..integer~trafls~num);
ENI *Wth*)

mITz1 temp2-.aa~aa.id 00
iSEG I

wRITELi~(enter new subtrans numcer inteqer');
read..Integer(st..num);
wKITELN('enter new atomic action num inteierw);
red.integer(aa~nun);
wRiLLN(venter new cdta object nun inreaer');
read-.inteqer(do-id);
wa~ITELN('eflter new metric integer');
read..lnteger~metric';
wRITEL.N(enter r for reac or w for write');
PEADLOV(Cl);
wd$L4~ not (ch in L.r',Iw'1) vJO

*RIU.LhC'error try again');
KEAOD4(Cfl)

END;
r.,w.flg :=c!;
ch.seq j 0

FEND; C*Witn*J
oITH temP2.aa vO

time.val := -1;
outoi := x,;
stat : I 6';
step.num :20;



mave-locK : false;
in..IOCecQ.flg := false;
nxt := nil;

END; (4Witn*)

ARITk.LN('enter y or n if you Ndnt to enter ainotrier aa');
Rt;ADLNJC~n);
cnCfeK-.StOO~stopruIocl);

UNTIL stoprun;

(*tne last aa on the file is a trans-.nun' 999 record*)
temp2 aa~aa .trans.sitetrans.num: 999;
O'RT(trans,temp2.aaJ.;

LND; (*cti;)

PROCEDURE const.aata-.dic;

(4 this proc builds tfle data dictionary aisk file from
interactive input *

VAR~
stoprun,stopslte :boolear2;
odsed,curd : ptr..dic;
cnolnit-.site :char;
donurn,in..Int :iniecaer;
dic : text;

REWRITE(datadic);
stoprun :: alse;
aonumn:i
*RIThLN('enter tnis sites nUMber-Integer');
P(LAOLN(Illt..ste)
,vRITEL4kdatadlc,init..site)i
R.EPEAT (*until stoprun =true*)

stopsite := false;
REPEAT k.;until stopsite = true*)

ARITELN(Inote : enter a 9 it oaa Item not useav,
r at all,);

wEITL enter a site tor data itemi aonum k );

It inIt..site <> '9~' TmEi
bEGIiN (4)

WHITELN('anotther site for data item
donum :2'~

Ob



4frTELN('answer y or nf);

cneci'c.stop(stopsitepcn);
ENL, (*7*)

stopsite ;= true;
UNTIL stopsite;
donum := aonum +1;
oiTkLN(aataoic, 'x1)
#tRITELN(Ocontinue with~ data I.tem P,aonunt : p'?');
wi~TELNPaflswer y or n');
KiAOLW(Cn);
cnecK-.s top ( stoprun,cO) ;

UNTIL stoprun;
END;

PRUCEDURE coflst-.do;

(this cuilds toe data object tile from interactive
input *

VAR
i,in..int :integer;
stoprun :boolean;
cfl cnar;

BEGIN (*I*)
± i 1
stoprun := false;
REWRITE Cdooj);
REPt AT (*until stopru? true*)

wRIrELNIleflter the n value for data ooject v,i )
read..nteqertn..int);I
"RITEL&(aooi ,in...ft 3;
mRUTELN(answer y or n it more do~s to enter');
Ht AOLN~cl)
cneck.s top ( stopr un, ch) I
± : ± +

UNTIL stoprun;
END; (*I*')

Csmain for program oldds )

bEGIN (*I*)
REPEAT (*until stoprun*)



correct := alse;

HILE correct = false Du
BEGIN (42*)

writi..query(ans);
IF (ans in LI,2v3,41) THL.N

correct := true;
END; (*2*)

case ans of

cons t.tr ans5;
trans..ptr := nil;

END;
2 : consr..data.c.ic;
3 ; const-.do;
4 :a := a + 1;

ENID; (*case*)

wRITELN(Inore changes? answer y or n');
READLiN(ch);
cneck..sto4stoprun,ch);

UNiL~ stoprun;

(INHERIT ('syssllbrary:starletENV~RUNMEN2 (lbuids .pen'j-j

MODULE 8 (1nput,output~audit,data,rurifile ,trans ,o~tac1c,

(this moaule creates the glooal procedures

TYPE
AINCLUD. Istrtyvesoas /nolist'

VAR
%INJCLUDE strvarepas /nolist'

LGLObAI]
PROCE~DURE bldtx;

(this proc ouilds trne trans structure trom trne recora tile
trans~dat 5

bb



V AR
basetrcurt :ptr.t.rans;
curst,basest ptr..strans;
curaa,oaseaa ptr-aa;
ternpaa,tempaak aa-drect;

PROCEDURE adat (curt :ptr..trans;

tempaa : aa..rect)i;

(fill one trans record witt% aata *

BEGIN ($acdt*J

curt",exec...lg :: alse;
curt'*st.tr-.qty :=U;
curt.st.in-.qty :=U;
curta.trans.ch-.ptr := nil;
curt4,trans.site. initmsite :

tempaa .a-d..~d*trans.s i.te * iUt-s ite:
curt4 ,trans.site~trans.numl;

tempaa *aa..ici.trans.s ite. trans..num;
curtanxt 3=nil;

END; C*adat*)

PROCEDURE addst (curst :ptr-.strdns;
ternpaa : ddrect);

(4 fill one suotrans record wirr. oata *

BEGIN (*aost*)
curstl.st.id :2tempaa.aa-id.st-.num;

curst'4.torK..flg :: alse;
curst4st.cn-.ptr 3nil;
cursr/4.nxt := nil;

ENU: (*addst*J

PHUCEDUIR. adoaa Lcuraa otr-ad; R
tempaa :aa-.rect);

I VA fill one atomic action record 4tn data 4



BEGIN (*addaa*)
curaa"aa..io : tempaaaa.ia;
curiaa.stat :Z ternpaa.stat;
curaai%.time.val :=tewnpaa. tinme-.val;
curaa^,step.nun U=;
curaal.havemlock f: alse;
curaaOin.locKq.f19 f= alse;
cura*.rxt := nil;

END; ('addaa$)

(*main loop for bldtX*)
6EG IN (*I*)

REAO(transotempaa); -

temPaa2 :z tempaa;
N~i'C curt) I
trans..ptr :=curt;
oaset := curt;
addt(curt,tempaa);
NEACcurst);
oasest := curst;
a ddst(curst,'tempaa);

basiaa = curaa;
aadaa (curaa, temlpaa);
curst-,aa.qty := curst*%.aa~qty + 1;
trans..ptr-.st.ptr :z curst;
curstO,aa.ptr := curda;
REAi)Ctransptempaa);
ohLE not eof (trans) DL)

IF tempaa~aaldota-ite.trrans-nu.r <> 9,19 Tnil-'

IF tenloaa~aa-.ioetrans..site.trdns-.num o.>
tempda2.aa.4d. trans-s'ite. trans-.nurn Thw,
6EGIN (44)

14LO (curt);
aadt (curt, temlpad);
baset-l.rxt :xcrt

aaost(curst,tempaa);
curt.st.qty ::curt'.st..qty + 1;
curt4*ost..ptr ::curst;

acdaa(curaa~tempaa);
curst4*,aa.qty :2curst-.aa..qty 1 ;
curst46 .a...ptr :: uraa;
oaset :~curt;
casest t=curst;
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oaseaa curaa;
tempaa2 :=ternpcia;
RLAD Ctrans , tecnpda

LND; (*4*)
1I, (tempaa~aa.idetrans-.site. trans-nu;,i

tempa.aa.±o.trins..site, trans-..ar) an
(tempaaeaa.just.nam <>

* BEGIN (*;~4)
NtO(curst);
aodstccurst,tempaa);
curt4.st.qty ~curta.st..ty +1;
casestoonxt curst?
NEO(cured.1;
addaa(curaa,temljaaj;
curst .aa.qty :~curstA,~a..qty + i;

basest ::curst;
oasedaa; curaa;
temipaa2 :=teripaa;
kRMIDCtrans,ternp~aJ;

ENU; (*5*)
It (tempeaaaa.i.tranS-.Site.rans.ru

tempaa2aa.ia~trans.site.trars.nun) anca
(terrnpda~aa.laost.num=
iemg8a.,aa.ia.s.aum) TLHEN

N c.w Ccurea) ;
acaaa(cUraa,tempaa);

baseaa4.nxt := curae;
baSeaa :curda;
ternpaa2 ::tem~da;
REAi)(trans,'tempda1;

END (*6*)
END (*3*)

E.ND (*2*)
END; (*I*)

EGLOSAL)
* PROCEDURE blddIC;

($ tflis proc builds tt~e data dictiona~ry structure
from tne text file datadic*)

VAR
oasedpcurd :ptr.dic;
L integerfi
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Ch :char;

PROCEDURE addci (curd : tr..diC;
en : char.);

(this proc fills one oata die linK noce witrn 4-atA4

BEGIN C(a1')

curca'.nxt :=nil;
END; (*a1*)

C# egin main program blddic *j

* FUR ± ~0 to 99 UO
dicarray~l3 nil;

dic..arrayEOI^,nxt := nil;
READLN(datadicpdc-.array(GJ^.site.id);
j 31

* ~WHIL.E not eot(datadiC) Ut)
dEGIN (*Ia*)

IF not iot(oatadic) SHEN
RLAULaI(dataoicpci);

IF en <> 19 TH~EN
BEGIN ic

IJEw(dic..,.rray~ij);
oased 2dic..array~i];

curd :~dic.arrayLij;
aadd(curdpch);

END; (*10*)
mHILE (Ch <> 'X') and (not eotCdataclic)) C

Ir not eoftciatadic) Tt1iv
IREADL'Ndatadic,cn);

IF (en '9'J) IriEN
6EGIN C*2*b*)

dic..arraYilj : nil;
READLN(catadie,eh);

*END C*2.5*)
ELSE

IF Ccin <> vx') THIEN

addd(eurd,eb):
* *basedm.nxt :~curd;
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jased 3=curo:

LliO; (.3*)

LNUL; (*la*)
END; (*I*)

LGLOBAI3
PROCEDURE add-.n-.and..t (VAR cur-.cn..ptr :ptr-.crn);

(tnis procedure adds a header ano trailer to tne inuut
contliet nistory list *

VAR

oout.ch..otr 3 ptr.cn-.pair;

d3EGIN
C uild neader $

out-.cn.ptr.aa-d~trans-slte.nt.slte:
out..cn.pr4 a a..1d.rans-.site.trans.num ::-1;

out..cn..ptr4,aa..d.aa..num 3=0;
out.cn-.ptrAact-a~rw...lq := IV;

out..cn..ptrI.ad..ji.Tetric 0;

(oulla header Pair 4)
NW(pout.cm.p.tr);

pout-.cn..ptr -a.i~trans.site.init..site:=';
pout.scflp.tr~dd..jdetrafls..3ite.trals..nu : -1;
Poutcn.Ptr.aa.d.st.num o= ;

poqt.c,.ptr ,aa..1c.doja~ U;
pour..chptr 0 aa-..o.cn.sea : u;
oout..cn.ptrAaa.id.metrIc 3u;
pout.,cnl.ptrA metrc.sum := 0;

K C*add the Meader 4)
out..cn.ptr*.nxt := cur.cm..ptr;
cur..cri.tr ::out..ch.ptr;

(s Duild trailer I

NEW(out.ch..ptr);
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out..cr.ptrl*aa.id~trans..siteeini..site ::'A';
out..ch..ptr4.aa.id. rans..site. trans..umn: 9999;
out~crM.Ptr4,aa.idest..num :=0;

out-.cn..ptr4.aa-..djdo.±d Q: ;
outm-.ptra.aa-.idech..5eq := ;
out.cn.ptrlaa.idrletric ::0;
out.cn-.ptr4.nxt := nil;

(buila trailer pair *

out..cnptr4 ,o air.Ftr :=Pout.cn-P.tr;
poutcnptR.aa.i.transsite.init.site ::'A';
pout-chptr.aa.dtrans.site.trans-num : 9999;
pout.ch-.ptr4, aa..la.st-num:. '

pout-.ch-.ptr4A ,a..id.cn..seq u=~;
Pout-cn.ptrA.aa.ia~metrjc :u;J
poutcnptrb.'etric.sum U2~;

* (ado tne trailer
tvlptr := cur..cn.ptr;
WH1ILE tvlptr41 nxt <> nil Gtu

kROC4.DURE biddo;

tn is ouilds tne data ooject structure trorn cre integer
file dobj,dat ;

VAR
i: integer;

*BEGIN (*I*)
FOR i :z I to 99 UO

ao..arrayLij : nil;

iH1I6E not eot Ldooj) U0
BEGIN (2*)

Nkw(do..array LiJ);
At ADLN(dobJ ,do..array Lii~ncn)
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(*add a header ana trailer record to e3.o. crx)
do..arraytI].4cn-.ptr := nil;

(*fili do. perm rec fields*P)
da..array1IJ'*tv.ptr ;= nil;

do..arrayE13'.no..reads :=u;
do..array[i2'4.no-.writes ;20;

do..arrayU.Jh.Iock := false;
do..arrayli]4.s..cnt :z 0;

do..arrayll; .cn.seq :=0;

ENDO; (*2,#)
ENU; (*I#)

LGLUOBAW~
PRUMkURE enter-..irne.delay (VAkh tim'e-delay ;integer);

stJhis procedure requests as input an Integer to act ds a
delay value 4

SEG1N
wRITELN;
OiRIIELN ('Enter an integer tor a time-celay constant :1);

time.deiay ;:ABS (tinie...delay);
4RIrLNc;
ARITELN ('The time-aelay constant is', time-.delay);

PROCEDUREL enter.randoMn.seed (VAR~ seea :unsignea);

(~tnis procedure requests as input an Integer to oe usea as
the seed for a random nurnoer generator 4)

BEGIN
akjITELN;
ARITELbJ (Enter an Integer to act as a seed for tne',

random nuiiiber generator :');
AULN (seed);

NRITELN;
4RITELN ('Tne seed value is', seea);
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LND;

EGLOBAL 3
PROCEDURE checK..stop (VAR stoPrun : roolean;

cn :char);

(this reads a Character from tne keyoo~ra ar'c aetermines
If Input snould stop or continue ;

BEGIN (*cneCK.stoP$)
IF not (en in E'Y','Y,n','N'j) THLN

CM := 1z,;
case CA of

'n','N' :stoprun :=true;
'y','i stoprun := false;

vz: RI'TELN~error try again');
END; (*case*)

END4; ($eflecK.stoo*4)

L GLObALJ
PROCEDURE read...nteqer (VAR nurn :integer);

(* is reads an inte'qer from the terminal in char ford~at
and edits it for type. It looos error rnsgs until a ieja
Integer is input*)

CONST
goodset= 0,99J
miaxintdig 10;

line: array [1,,80) 0± cnar;
indexolengtt :Integer;
gooo..ansoer 3boolean;

bEG Iih
gooo..answer :z false;
4iIILE not qood.answer DO

Index :z 11

omILE fot(line(sindex,) = ' and not eoin
and (index < raxin~dig) Du

SEGI 'I
Index :zindex + i
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REAi.(iine( * ndex*))

REAULN;
lengtn := index;
gooa..answer := (index > 1) or

not(line(.index.)
FOR index := 1 TO lengtn uO

goo&..aflswer := goooanswer an
(line(.index.) in goodset);

IF not good.answer THEN
BEGIN

FUR index := I fu len'gtn DO
wRITE(lineCindex.J);

ONIIEA.INis not an Integer');
otITEiLN('please inout again')

END
E .4; (*wnile*)

nuni := U;
FOR Index := I M lenqtn DO

nun' := num$ 10 + (ord(lineC.index,))-oraC'UP))
END: (*proc*)

PROCEDURE write-.query (VAR ans :inteqer);

(*tnis #rites the terminal output for Dldcnitv ~

6EGIN (*wq*)
oITz;L.N('thIs proc tui.las temp vers and contlict rnists');

wRITELN(Itor tests');
ARIIP LN(Wwat do you want to ouil?');
*RIT EL N;
NITELWC1 a temporary version');

*RITELN(v2 :a conflict history oi')

*kIiLN;
4RIT~(respona with single ii: ')

* readininteger(afls);
END; (*wq*)

EGLOSAL]
PRUCE)URL savchtv;

(4 this constructs either cont hists or temp versions ana
* outputs the data to tile "runtile" tor use cy proc

conchtv~pas 5
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const
aa =100; (*dummy const*)

VAR
en :cnarl
ans..a :Integer;
correct~stoprun 3 boolean;
curty : ptr..Cv;
curcn : ptr.cn;

PROCEDURE write.c (curcn :ptr-.Ch);

(s this arltes to file runtile for constructinq cm2 an( tv
structures '

VAR
temppair :ptr..ch..pair;

BEGI14
ternppair :=curcn'%,Palr..ptr;

*RITrELa(runilecurcn.aaniu.trns..site~trals-nu1);

ARITEN(ruflilepcurcil'.aaa.cn.seq);
mRiTELN(runtilecurcn'.adma.jnetric);

*KirELN(runtile,temppair49 ,aa-±d.trans-site. trans.rucr);

4lTELN(runtile,tem1pdtir4 *ad-±d.r..fm);

LRTELN(runtile.Oterpair*,aa-l2A.seq)u;

*ITELN(runile,temppartaa~id,mfetric);
sHITEbN C runtile, remppairA *metric.Sum) p

END0; C4proc write..cn*)

PROCEDURE const.tempv (VAR curtv :ptr~tv);

(this constructs a temp ver from parameters input
interactively and places the oata'on tile runcata~aat 4

VAR
1nvaj. : integer;

cn char;



tempv aptr..tv;

NEO(curtv) I
aRITELN(runtile, 't') I
MRITELN('enter the init site number');
icLALLN(6h);
AMIL.E not (cr1 In LI,~,3','

- bvp'7*pvb','9vj) DO
bEGIN

wRITELN(Perror try again');
Ru.ADLA (ch)

4141TELN' Crun le, cr1)
~PITELN('enter the trans numb~er');
read..inteqer(curtvOaa.idetranssite'trans-.nun);
4RITELN~runfiie, curtv .aa.1d. trans..site *trans-num);
NHMELNC'enter the sub trans numoer');
read-.inteqer(curtv-aa.ldest-.numt);
NxITFLN(runtilelcurtvaaa-idost.num);
NRITELN('enter the atomic actionh number');
read..lnteqer(curtv'oaa..Idaa.num);
4IrELN(runtile,curtv.aa.l.aa.num);
4RITELN(enter tne read write r or wtidq',);
R&AULaN(ch);
NHILE not (ch In L','w'J) Du

SLGIN~
v.RiTk.LNi('error try again')~;
READLd4(cf);

VP IIELN Crune le, cr)
ORIU~LNJlenter the cata ool numoer');
read..nteqerccurtv4,aa..dedo.1d);

K- aREILN('enter the cont nist seq nlumber-');
C_..read..,nteger~curtv~oaa.io.cn..seq);
I.-. wkITiLN(runtilepcurtvoaa.idacn.sei);

4RITELN(lenter the metric nunoer');
read...nteger(curtvAaa..lo~metric);
RITELN(runtlepcurtvaaa.iu.netric);

ARITELN(lenter the metric sum number');
read..integer(curtv*.metric.sum);
ARITELN(runtilecurtvarnetric.sum);
WRITELN(lenter tne status tield cnar r,w,,x');
REAVLM(cn);
aMIXLE not (cr1 in L'rpp'w','cv,'x'j) DU

BEGIN
*RITELaN('error try again');
Rk.ADLN(6n);

END
ORITELN(runtiiClcl);
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1A

END; (*1*)

* - PRCUUR const-.connlst (VAR curcn :Ptr..ch);

(this constructs a cont nist from Parameters input
interactively and places tne data onfl ile runfl~e~dat)

VAR
inval :Integer;
cn : char;
tenpcn : ptr..cn;

* temppair :ptr.crh.pair;

d 4GIN (*I*)
4E"(curch);
iwL4(temppair);

curcnftnxt nil;jj
curcnOPar-.ptr := temppair;
4PITELN('enter trie values tor tne first cn pair n1emnrer'):

*~aRLTi.LN('enter tflC iit Site nufroer');
RLAJLN(cfl);
4MIILEi not (cM in O'12,'.4,',

wRITELN('error try again')1;
READL1N(ch);

curcn*.aa-.ld~trans..slte.init..site := cn;
nRITELN('enter the trans number');
read.integer(curch~ead.,d,trans-site~transnuD);
4oirL~Nenter tne sbU trans nurnoer');
reaa..integer(curcnaa.id,st-.num);
4RIrELzN('enter the atofflic action number');

wRlTELN('enter the read write r or .f laq');

4b11LE not Ccn In L'r','w'j) DU

aRITLN~error try again');
REACLN(ch);

END;
curcnA*aa.idsr.w..tlg := ch;
O RITELN('enter tne data obj numoer');

* readm.Integer(curc'~.aa.1d.do.id);
4RireLwCenter the conf nist seq number');
reaainteger(curcn'*aa~id,cn-seq);

* aNRIELN('enter the metric numoer');
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ARITELN(lenter values for toe second cn pair meirrmer');
4IklTELN('enter tne Init site numcer');
REA)LjN(Ch);
4VHIL.E not (cth in ' ,1,'i,4,,

BEGIN
4k~ITLNlerror try agaiin');

4AIIELNJventer the trans number');

vIFITELa('enter the sup trans numcer');
reao..nteger(temppalC~oamioost~flum8
AMt~rELN('enter the atomic action number');
reaa.Anteger~temppai.raaa~ia.aa-num);
oRITEL4C'enter tne read write r or w flag');

RAULN~CCM);
Aj1L& not (ch in L'r'wJ) boI

* BEGIN
wRaITELN(lerror try again');
READLN(dh);

END;
temppairO.aa.id~r-w~tlq := c,;I
wRITELN('enter the data obj number');
read nteger(temopair*.aa-is.aOii);
WRITELda('efter the conf bist seq number');

WRITELjt'(enter the. metric number');

4RIlTeLN(enter the metric sum~ number');

L.ND; (*I*)

PRLZCEDURE add..conflist (iAR curch :ptr..ch);

(tnis proc adds the newly built conf mist to tne
runfileedat file ~

VAIeRr:pr.ras

cursin : ptr..trans;
tempchpfolcn : ptr..cn;
temptv : ptr..tv;
indo~invalpininr,inst : integeri
insite,Cl : char;

BEGIN (*I*)
4RITELN('this places the new conf mist in a Place',
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ot your Chosing');
aRITELN('seiect wnere you went th~e cont mist to co'j;
ARITELN;
WRIreLNU1 : to a data objeCt=s3ortea oraerv);
4RlICELN('2 3to a SUo transaction');
4RITELN('3 :to a temp version");
*RITELN('4 :to a transaction');

4PITLN('respond witn a single digit =>;p
read..integer(invall;
*hILE not (Inval in L1,2,3,tj) uO

66GIN
wH~ITLN(perror enter again'.';
read..inieger(irival);

wRIrELN(runtiie, inval);
case inval of

I BE~GIN (*c1)
iOITELNL'type which data ool gets tne cont',

0 nist');
read.integer (inval);
IM1ILE not (loyal in L1..99J) LCO

BEGIN -(4215*)

ORITELN('ertor enter aqain,');
read-integer(.invai);

END; (*2.54)

MRITELN('data Obj noL in use do over');
*I doqharayunviJ = ~j.' £ai)J

END; (*cl*)

2 : EGirJ (*c2*)
iRITELN('you are placing a canlt hist in a',

*suo tran');
V.mRITELNJ(Penter the init site tar this cont',

READLN(insite);
MMILE not (insite in LQ,1,2,4,4,~

, ' ', ' ', ' J) U
BEGIN

kIT~ELN('error try dcain');
READLN(insite);

*KHITEL.N runfileins ite) ;
RIuTEL;Id'enter the trans nuni for this con:',

* 0st');*
read.inteqer(intr);
WH1ILE not (intr In (I,99j) DU

BEGIN
WIRIThLN(error try again');
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read..inteaer(ifltri;

4RITELN (ruffle, irtr);
NTE.LN('etnter the suo trans nurn tor tnis'#

cont hist');
reaa..iftegerC inst);
*HILE not (Inst in (1,.99j) DO

*NITELN'('error try again');
read.Integer(Infst)

END;I
WRITELN(runtiletinst);
write.cficdurch)

EN14D; C$2,*)

3 SbEGIN 3J~
wHlILN('you are placing a clont nist in a,,

-temp ver');
okIT1ELN(weflter the data ool num for tnis',

cont hist');
reac..integer(ilo.;
*MILE not (Indo In LI..99j) 00

6EGIN
wIKITLNC'error try again');
read..inteyer(ltldo)#

END;
wkITELN(ruflpiC ndo);
wITELNd(lenter the init site for this cont',

nist');

*tiILZ not (insite inL''1,''4.''''

PiITELN(error try again');

LND;
WRITLN(ruftiletilsite);
RITELN(eflter the trans nurn for this cont',

reac~integer(intrJ;
aMItLE not (intr in El..99j) DU

WRITELN('error try again');

END;

aRI'rEL~denter the suo trans num tor this',
cont hist');

reac-integer(instJ;
kHILE not (inst in El1."99fl Du

V BkGIN
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-ITELN('error try aqain');

END;

END; L*34)

4 B EGIN (*c4*)
wAIELN('you are placing a conf hist In a',

trans');
wkITELN('eflter tne ini~t site for thi.s corn±.,

nist');
RtAuLN(Inslte);
*MIlLE not (insite ir ''1D,,''''''

bEGIN
wH~I'ILN('error try again');
RL.AVLN (ns ite);

L.ND;

AI(ITELt1enter the trans nurn for tnis con±',
0 fist');

read..lnteger (intr.);
WHiILE not (Intr in C,.99J) DO

bEGIN
*RITELN('error try again');
reaa-nteqerCintr):'

LND;
mRITEL.Ntruntilevintr);
write..cfiCCUreh);

END; (*4o*)
END; ($case*)

END: 0*1V)

(~main l.oop for savcmtv 4)

8EGIhi ($
rewritecruntile);
RH-PiAT (*until stoprun*)

correct := false;
a::1

*wi1IIL correct = false 00
8LGIN (42*)

IF Cans in Ci,2o3J) THtLN'
correct ~:true;

END; (*2*)
* curtv :nil;
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curch : nil;
case ans of

I const..tempv(curtv);
2: aLGIN

const..connist(curch;
add-.cont s t cCu Icn )

END;
3:a 2 a +~ 11

k.ND; (*case*)
RIUTELN('more temp vers or cant mists :y cr n');

RiADLN(Cl);
cneck.s topCs t opr unnC.) ;

UJNTIL stopruniv

EGLOBALJ
PROCEDOURE concntv;

(tnis constructs either cont mi1sts or temp vers trom tCne
data in tile runfile enterea in proc savcrhtv 4)

const
aa = COI *dummrTy cofst$,)

* inslte,ch : nar:
dnere~invalinopintr,inst,dns,a :interqer;
curtv : ptr.tv;
curcn : ptr..cM;

* PROCEDURE const.temov (VARl curtv :otr..tv);

Ctmis constructs a temnp ver from' parameters input from
tile runtile *

VAR
inval : integer;
ch :cnar;

tempv : ptr..tv;

BEGIN (*I*)

-curtv.tv-ch..ptr ::nil;
curtvO.nxt := nil;
FAOLN(runtile~curtv4,aa-Ao.trans-.site.init..site);
R:ALf.N~runlepcurtv A .aa.iagtrans-.site.trans..num);
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REAiULN(runfileocurtv,aa-.ia.st..num);
RADLN(runtile,curtv aa-1idaa-njui4);

READLN(rurfilepcurtvA.aa.ia~do.±d);
RADN~runtllecurtvA.aald.cn-.seq);
RADLN(runfile,curtv .3a...i.metric);
RACLN~runillcurtv .metric-.sum);
REAiJLN(runtile,curtv.stat..ld);

*add the tv to the do*)
inval := curtvaa-id.dcpjd;
IF do.arrayLinvali nil Thi N

*RITLL (Itnis data ooj not in use')~

IF do..arraylinvall',.tv..ptr = nil Th~i
B LG IN

ao-.arrayLinval.j tv..ptr := curtv;
co-.arraylinval3.cn.seq i2

co.arrayLinvlill.cl..sea + 1

aLGIN C*2*)
terIpv := do..arrayU<.nvalJ'".tv1.ptr;
wkiILE tempvoonxt C> nil DO

tefupv :tempvft.nxt;
tempv^.nxt := curtv;
do..array~inval]*cn-.seq :

ao..arrayLinvalj-.ch-.seq 1;
ENJD; (*2*)

Pi4UCEL)UtE const..conhist (VAR4 curch :ptr.,cm);

(tnis constructs a cont hiSt from parameters inout from.
file runtile~dat ,

VAN
inval :integer;
ch :char;
tempcn : ptr..cm;

4BEGIN (*I*)
m~w Ccuren);
NEAftemppair);
curcn".nxt := nil;
curcn4%,Fair.ptr := ternppair;
REAU~LN(runle,curcnoaa.o~trans.site.nt-site);
RLAOw(runiecurc'.aa.hd~trans.slte.trdns.num);
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READLN Crunt le ,curcha *aa..±a.S t..nuni) ;
READLN(runile,curcnA .aa...lo~aa.num);
REAaJuN(rurtilIe,curcn Aka-lrwti)
RAiA~N(runf2.1e,curcn * aa..Zo.do..lcj;

.REAOLN(runrie,curcn' ,aa.i.m~retric);
REAN)Lcrunle,tempplr~aa.±c.'ranssitite~nt-ste);
REAL)LN(runtile,temppar 4 aa-1d.trsste.trans-.umJ;
RAOLN Crunt iletemppair4 qlaa.lo. st...num) p

RL.AOL.N~runile,temppairA~aa.±d~aa..num);

RAVLN~runtle,elppairi'aa.iao...io);
RAOLN(runtleoteippar.aa..±a~cn.seq);
RAN(runfle,tempar.aa-.d.wetrlc);
EADLiNrunfie,tepair.metrc-sum);

END; (81*)

PROC LUNE add-conhist (VAR curch : Ptr..cn;
Atherepinvalindo : 1rtecer;
insite :char;

(tnis proc adds tne newly tuilt conf mist to tne selectea

destination of a zata objpternP ver or sub trans ~

VAR

eurst ; ptr-.strans;
ternpch,folcn : ptr..cn;
temnptv : ptr..tv;

dEGIN (*I*)
case *mere of

I :dEtiiN (*cl*)
Sdo..array~invalJ nil THt.N

AITLa(data obj not in use do over')

dEGIN (*4)

ternpch :~do..arrayinvailJ.cm-.otr-.nxt;
wilL~E ternpcn^,~nxt <> flu Lou

dG IN ($4*1

folcA: ternoch;
tempcn ::tempcfl4.nxt;

LND; (*4*)
* curcn4,nxt := folcm4,nxt;

tolCn^.nXt ;~curch.;
6.NU; (*A*)

END; (*c1*)
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2 :bEGIN (*Ci*)

curtr := trans..Ptr;I
IF curtr a nil Th6Nt

*RITLLN('no transes at all,);
wmNILE (curir-.nxt*<> nil) arid nr. (Ccurtr-

otrans.siteinit-.site = Insite) and
(curtrastrans.site~trans.num = intr)) Du

curtr := curtr~enxt;
IF (curtr~anxt a hil) and not

Ccurti.trans-site.lnit.site = Insitei ana
(curtr'*.trans.site.tras.nu1 inrr)) Jirr'-14

*RTEaL&('transaction does not exist in~',
trmi5 run')

4 cEGIN (*C2*1*)
curst := curtr^.st.ptr;
IF curst =nil IS .N

AAI.TELts('lo SU6 transes tor r2-is',
trans')

Ar3iiLi (curst.nxt <> nil) and n'ot
(curst;.st.ia instj zu

curst := aurst-.nxt;
IF tcurst4*,nxt =nil) and not

Ccurst .st..ld = inst) Trl,.
4RIiTELN('SUb trans does not exist')

EL~SE BEGIN (*c2,.qI)
IF cursta.st.c..Ptr nil THE;XA

cursv*.sL.cn.ptr :curcn
ELSE atull, Cfc2.3*)

tetopch := curst4 s t-ch-.ptr;
"HiLL ternpcml6.nxt <> nil UX;

temLpcn := tempcrftenxt;
tempch-.nxt ;:curch;

END; ;*c2.j*)

END (*D2C..l4)

3 :bEGIN (*.>')
It' do-.array~indo.Jaotv..ptr =nil ThEr!

oIELN!('no te~ps for tMis d.0.1)
ELStE 6E(IN (*3*14)

t emptv :='do.arraytindo.tv-.ptr;
wrIIL6 (temPtv*nxt< nil) an~d not

((temctvr.aa.ia.rans.site~ini..site
1nsite) 5nd ctemrntva.aa-.id.trans-.site
qtrans.num =intr) and
(temptv'.a.1d.st-nrUm l nst)) OU

'temptv := ternptv*,nXt;
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1F (tenmptvO.nxt nil) and not C(tenp1tv

intr) and (temptvi.aa.io.st..num nr)

ORI~TELNC'no such temp version exists')

IF temptv4,tv.cn..ptr :nil 14r-.
ternptv'ftv...cn..ptr ::curcn

ELS~ BEGIN (*344)
ternpcn := cemLV'.tv.ch-.ptr;
#r1ILL. temWpcnonxt <> nil Ou

tem~cn :tempcl",rxt;
tempcm4.nxt :=curcn;

END; (*344)
END; (*3,1*)

END; (*3*)

4 :BEGIN (*C4*)
curtr 2= trans-.ptr;
IF curtr = nil !Hii~

*RXTLLN('no trdnses at all');
*HIL1E (curir 4 *nxt< nii) and not C(curtro.

trans.site~init.site =insitej ana-
(curtr4.trans.site~trans-.ur = zntr)) Liu

curtr := curtrRnxi:
IF (curtr-.nxt a nil) anld not ((curtr-.

trans.i.ite~inir..site :insite) ana&Ccurtr
*trans-.site.trdns.num =Intr)) Tn~r4
wIIELN(Itransaction does not exisL In',

this run')
ELSE

8EGIN (*C4ei*)
If~ curtra.rrans.cn.ptr nil TH6N

curtrotrans.cn.ptr :curcn
ELSE 6EG~IN (*c2,4*)

tempcM := curtr4,trns.cn-.ptr;
wH1lLE tempcn ,nxt <> nil D .

tempcn := tempcn".nxt;
tempcn4 onxr ; curcri;

V40; (*c2.34)
END; (*c4ol))

END; (*4,*)'
END; (*case*)

*END; (*I*)

(main loop for conchtv $

*bEGIN (*1*)
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4HILE not eotcruntile) LUU
oFGIN (*wfile#)

RiADLNCrunf11ecl);
IF en = Pt' THEN

const-.tempv Ccurtv)

ELSEj
IF Ch 'c' T E

READLN(runflepwfiere);
case where of

1 : 6EGIN
k6ADLN(runtilepinva1);
cornst-connist.(cur~cm);
aocoflnisL~curcn,Anere,1tnva±,Ue'x',

2 : EGIN
REAOLN(runt1.le,1nsite);

cons t-Coflf iLs Ccur cn);
ado..connistLcurch,where.,U,u1flSite,

inirpinst);

3 BE9~GIN
RLAULN~runtilerindo);
REAiLN(runile, inSite);

consi..connist~curcni);
ada-.connist Ccurcnow nere, u, moo,

Ulu; nsiLe,1ntr,1flstJ;

4 : i( .I N
RALN~ runt±.leins ite);

const-d.onnist(curcoW;
ado-.connist(curcfl,*fere,U,U,mnsite,

incr, 0);

E.NV (*case*)
END (*Ii*)

ELSE~
dRITELNi'error on runtile')

ENV; (*whil~e*)
LNU; (*I*)

PRUCEDUiAE print.tral.struct P



(this prints out tne transaction data structure to tlli
cata'dat *1

VAR
tem~ptr ptr..trans;

PROCEDURE print.trch (head..ch ptr.Ch.;

L* this prints out tne trans cont nist data ;

BEGIN
IF flead-.ctn <> nil THNN

amned.cn,* tO

wHIIELN(oata, 'a trans conf hi.st :)

wRITZLN(aata, * init..site '

ii1T6LNdoata,' trdns-.nuni U

aa..idotrans-.site.trans.nun 4);
#tKLTELN(datapl st..num ', aa..id.st..num :4)

*KITE1LNiata,' ch..seq ',a -a~n- :'.j:
wKITE.d.(aata,' metric ~,ad-.ld~metric :'*);

ENJD L4wifn*1
IEITH nead.cn0*Pair.ptr0 Du

bEGIN (*With*)
oKITELN~aata, F inlt..site

aa..id~trans..site.init..slte :4);
ORM LN(aata,' trars..num ,

aa.idetrans-.slte.Lrans-nun 4);
mRITELN( ata,' st..nun 0 , aa..in.st..nuir :'.);
ii(TELNCdata,' aanum 010 aa;±~ b. 4);
'AITELN~data,F r-w±lg F, aaioarm...±L:4);
4RITELN(data, ao.io * aa..ido..a : 4);
AiRIIELN(aata,' cn~seq * ad.±o~cn.seq :4);
wRITE.NCdata,' metric ',aa..i.oetric :4);
A ITELN(data,F metric-.sum *,metric-.sum:4);
WITELANCdata);

END; ($Wit0#)
print..treh(neaa.cnA.nxt);

ELSE~
L9 LGIN



AS

4RITELN(data);
4ITLLNdata, lend Of this trans conf mist !ist,;

OkITELN(data,****;***** ;4;;K'

E N 0
END; (*Proc Print9.trch *

PRUCEDURE print..stch (rMead..cm ptr.cri);

* (* tnis prints out thie suo trans cont nist data tor a eacn
trans $

BEG IN
IF nead..ch <> nil THEN

BE.GIN (*if*)
sITH nead.cfl 00

SEGIN (*with*.)
ORITELWN(data, 'a suo trans cont hist L )
NRITEL(data);
4RITiELN~datap i ni..site

aa..idstrans..site.init-.site :4);
ARITELN(latar, trans-n.um '

aa...detrans..siteLrans.nun : );

AITELN(latao, mtric aa-.s nm :4);

wRITELN(data,); -ui c-daanm:)

4RIEI ~ aaa, rlead.gcna-1pairw.ftra DO

4RITELN(aa,' ao-a..nm aa..io.da..nur :4)t;

ARITzLN(Iata,' cn,.seq 'aa..id.cn..seq :4);
wRIIELdi~aata,' metric ,aa..id.metric :4);
aRITELN(data); mti..u merc.un')
4RITELN (data);

END; (*witn*)
prlT..shnead..cnaint";O

* END (#1N

-ihTLA (at, i112it

aaSern-le~ntst )



ELSE

4RITELM~data);
~TELN(data,'end ttnis sua trans cont mist 11sJJ"

END;
-L, V (N4;proc st*1

PROCEDVURE prlnt.aa (mead..aa 3ptr.,aaJ

Strnis prints tr~e aa cata tor eacn Sub trans 3

bEGIN
IF' read..aa <> nil Thi.N

dEGIN (*if*)

witri heao..aa^ L)0

AI1ELig~data, 'arn at-3mic action : );

wiRMLN(oata, / Init-.sitC '

aITELN(ciata,v trans-.num '

aa.idetrans sit*.trans-nuri, : 4);
LtIMN(aata, * st.num of aa..±d~st-fuml :z-J:

mR1.TLNtadta,' d d , aa .caa-num  : 1 0;;

oKITELN~aata,' cri..seq ,p aa-.idecn-.sec~ :4)~;
wITEL.N(oata,' metric 0', aa-.id.meLric :4,;

mTELaJ(oata,v Stat ',stat : 4);

OITELd.(latar, step.nurfl step-rnum : 4);
AITj1,a~datag have..lOCK njave-io~c : j;

4ITELN(data, nlCatd)1-0K-~~)

ENV;Lwif*
print.da(fiead~aa'.nxt);

4RITELNJ(data);
,MRITLN(dataj 'end of tnis atomic action list');

wKIT6L.N(dati~

E ND; ('proc aa*)
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PROCEDURE print.subt (h~ead..st 3ptr..strans);

(this prints tne suo trans structure tor a trars *.)

aE.GiN (*oroc st*)
If flead..st <> nil 'IHzL

*1TH nead..st4 00
bEGIh (Pwith*)

WKxLTELN(aata);
xxITELN(Oatd, 'a suo transaction

4AHLTELN(nata,' exec..t' l,exec..flq : )

NTE4.N(data,' rerc-'sum ',etric-sum;4);J
HITELA(data);

print. aa(fiead-..tosaa..ptr);u

print..subt(meao.st.nxt);
END (*if*)

ELSE
dEGIN

WRITELN(data) ;
oRITELN(datat leno of sub trans list, tnis trans');

END;
E.NOr C*proc st4')

&ROCLDURE print..tran Cneaa..tr p tr-.trdns);

(P this prints out transactions in tne aata structure ;

6EGIN (*proc tr*)
IF nead..tr <> nil NEN~

wITH fleac..tr*t 1)

vRlTEkLN(data);

oxTELNtuatal'a tranSdction:

wRITELN(oatalp exec~flg 1,exec..tlg t)~);

114



*RITELN(aata#' init..site '

trans..site.init..site 4 &);
'*KIIELN(data, trans.numt'

prinr...traneneao..tramnx);

viKITELN~aata);

printItrLcdated -of trans-c-trs ;

Wrint-suo(dataa %st't)

(4 ~nai iLoop tfoaprint..trn.tru:

SEG G (mj4

tenpRIE fata n of transaction

(4rvan loop for t nt; n-trct

BEN (*mrain*)

PROCE2DURE print-.do;

(tnis procedure will output to file 'data' tn~e iata ooject
structure *)

inteqer;
ternp.ch..ptr : ptr-.ch;
temo.tv.p.tr 04 ptr.tv;
tehp..lockq..ptr : tr-.lock..q;

FOR 1 1= TO 99 DU
IF doarray~ij <> nil THL.N

"RITELN (data);
AtRITLLN (data);

* ~~*RILLN (dati, '$P* do.array L',i:2,'j 4*4)

ARITEiLh Coata);
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(*output do.perm..rect *
a1THi do..array~iia DC

6%RIfL.LN (data, * no-.reads : ,no.re&~is);

A~I~k~N (dta, * r~o.*rltes :' o:t~
~I XfhIjN (data, locK : , ocK);

ITLLN (data, F s~cnt :,s-cnt);
WIRITEidN Loata, * lCcK..qty : , oc'..ty);
%RiTLLN (date, cn.s'eq :,cn-.seq);
wtRlTELN idata);

(4 output tine do.perrn conflict nistory )
wRIlIELN (data,'** ao..pern conflict rustory ')

*RIUL (data);

9999 jo

*ITH1 temp.ch..prr LUC
BEGIN

.trans..site.init-.site);

@trans-.site.trdns-nurn);

xRITELN~data,'o.id : ,aa..±o.do..4cJ;
hRlrELN(cata,'ch.seq : ,aa-d.cn..seq);

~ak1TLN (cata);
oITH pair...Ptr 4 DU

*trans-.site~liit-.site);
wRITELN(uata, 'trans-nun : ',aa-d..

*trans-.site.trans.um);
mRI~rLa(datap 'st.nur : * -**l*

.st-num.1;
WRITE.Li(data, laanurr : - *

*aa.nurn);

vIRITE.LN(oata, 'm'etric : ,aa..ia

,mnetric);
ARITELA(cata, 'metric-.sum :'
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mecric-s.umf);

END; Es wh~ile 5
Ok~rLN~ (data);

te'np.cn..ptr 2temp.cri..Ptr.nxt
END;

Soutput tne temp versions )I

wRIT4.LA (aaca,'***4PS temporary versions
*RITELN (data);

wdiLE temp.tv..ptr <> nil DU
BEGIN

.vITH tem~p.tv..ptr £CC

wRlTELN(data,'* temp version aa-lc ;
*lRIELN(data);

.trans-.siteolnic-.site);
aR±iLELS(aata,-trans.nuni : 1,ai

*trans-.s3te~trans..num);
IIELN(data,,'5'xnum : aa-.ic.st-.nuir):

ARITELN(cata.'aa.num : e~aa-.ic.aa-.num);

aRI'ikLN(data);oJ a-ddoij

L* output temp version cont history 4
iRITLLN(oata);
,RITELN(data,'**** terno version cont',

'nist s*#)
remp-.cr,..ptr := tv..cn..mtr;
wdlL temP..Ch..ptr <> nil 1, Q

deGIN
AITH temp.Ch-ptrl DO(

*RLTELNCaata):
aRITEL.N(oata,'init..site :',ad..11

.trans.site. inlt..site);

.trans-.site~trans-.num);

i~k1TLLN*atafl t-li) ;ai

,aa..nuffi;
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AmR!LNCdat,do-i da-1,
*do..ldic;

~IcLa.(~oac cb- eq: , q).l

emetric):
WIRTELtAoataj;
wI~zi pair-.ptr^ DO vL~r

IITLIcotao-lrit..slte

aITt.L,%(Cata,'crans.nun
aaiocrans.site.trans..num);

mR!TLLN(oata,'st.nun:
aaiQ~st-.num);

*RTLjN(ataf'aa.rum '

4HiTLLhLNCata,'o...±o :

%Rj'itLN(Qata,'ch-.seaI:'
aa-lacn-.seq);

"RTLt(oata,Irmetric..sum : ',

retric..sum)?
END)

ELNL2 (* itrn tewm..cn..ptr ~

WRIfLN (data);

tempincn..ptr ;=tern.ch..Ptr^.nxt
LN(D while 4

ENU; C4 witn temo..tv-ptr ;
wRITk.LN (date);
tenp..tv..ptr :terp.tvPtr".nxt

LNU; (v wnile *

Coutput tne lock queue *
wRjrLL.N (data);
mRlTLN (data, *S 1ocK queue * ')

WRITELN (aata):
temp...1ockq.ptr := IOCK-..aPtr;

V, whlLL teMP.locKq.Ptr <> nil UO

oITtI ternP-0lC~cq..ptr4 DU

sRITEjN(data,'**$** locK-.q aa.1ao,

oRFIELtNCaata);
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*trans-.site.itrafl itle).

ARfL~a 'rm-u : ',aadcs

ARIrTAN(data,meriaa'aa.inuerim

wiRITELN(nata);
terp-op.cKqptr := Eemp..loCKu-.ptr * rxt

END C itfl do-array 4
END (4it tnen '

LNDi

PRUCEDURE print...dlcJ

(this, procedure outputs to tile 'data' tne c-ata aictionary
structure *

VAIR
1 :0 Integer;

miqTELN' (data);
* . 4icITELaJ Coata);

vPITEL.N (data);
FO0R I := 0 TO 99 DO

IF dlc..array CIJ <> nil rHEN

wRITELN(aati);
AftTN(dataf ***** dic...irray Lp,i;2,"j ;4$j

oRITLLN(aata);
temp..dic..ptr : dic-array Lij;

AhITIE (data, * tea..-dlc-.ptr-.site-ia);

UNTIL, temp.aic.ptr nil;
mRITELN (data)

EN D

L041
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CGLJOBAL)
PROCLUURE prselect;

(tnis Is a utility print routine for all internai aata
structures allows a user to select wnicn aata structure
to print *

VAR
i,insel :inteoer;

BEG I

viRITELN('select wnicn printout you want');
wRLTELN;

wRITELNd('2 : data..ooject structure');
4ITELN(C3 : aata..dictionary structure');

oHiITELW(4 ; trans and data..OblJ);
ORTLjN('b : trans ana oata oic');

ORITELN('t data ob] and cata oic');
*RITP LAC'7 :all tlhree');9
*RITELN(1 : none 1);
xRITELN(enter an integer answer');
read..integer(insel);
case insel of

1 : print..tran.,struct;
2 : prxnt.doi
3 : print.oo;

4 : GIN
pr int..tran.struct;
print-.do;

5 BEGIN
print..tran.struct;
print.dic;

b B EGINJ
print..dic;
print-.do;

EN ;
7 3bEGIN

print.tran..struct;
* print..dic;

priflt.dol
EIND;

END; (*case*)
* M 0 1 (4proc*)
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- - END, C* m~odule s $

LINHL.RIT ('bUldsopen')J

PROGRAM aigo..rest Cinput,autput,aUdir,data,runtie,
trans ,datadIC ,db)

VAR
J,tim.fledelay, ± : integers
seed : unsigned;
ch : char;
stoprun : boolean;

LEx tERNAL)
PROCEDU.RtL oldtx;
LXTERN;

LExuiRNALI]
- - PROCEDURE blddic;

EXTERN;

L E XTER rNAL]
iRCEURE bIlddo;

LX ERNAI

PROCEDuRE enter..tine..delay OVAK timne-.delay :integer);
EXTERN;

LEXTERNAL3
PRUCEDURE enter..random-.seed (VAR seed :unsilqnea);

CirXTERNALJ
PRUCk.DURE checK..stop (VAR stoprun :coolean; cr :crnar);

CEX TEN AL

PROCEDURE bldCntV;
EXIERN;

C EXTE RN AL]
PROCEDURE savcntv;
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* LEXTLReNAL]
* PROCkJOURE conChtv;

LEXIERNAL]
PROCEDURE prselect;

LEXTiEkNAL)
FUNCTION MTH$RANDOMd (VARl seed :unsigned) :real;
£ X TER ;i;

EEXTERNALJ
PtRUCEDuRlE ado..n.and.t (VAR cur-ch-ptr :ptr-cJ;

LX~~ 4 I

PROCEDURE select-.trans LVAR selt.hdve..ca ;boolean;
VAR< se.lt.trans..ptr : ptr-.trans;
Ak seed : uhisiqnec);

* -C;this procedure will rancomly select tne next tranSdCtlon
to oe worked on within those which nave alreaay negun
execution and the next one in the linKea list ot
transactions ~

VAR
temp..Lrans..ptr : ptr..trans;
i, throw : Integer;

BE~GIN
IF trans..ptr =nil THEN

seltq.have..aa := false

selt..trans..ptr := trans..ptr;

(* set I =no, of trans already executing + 1 *

IF selt..trans..ptr".exec-t.±q =true THEN
I := I + I;

selt..trans..ptr := selt..trans..ptr^ .nxt

(call random numoer generator tor irnteqer 1 -

inrow := (TRUNC((mTH$RANCa4(seedj)*1u~uuu)) mG 1 1

(4 select the trans ;
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FOR. := I TO (tnrow - 1 U U
IF~ selt-.trans.p.trarxt 4> nil THi

selt.trans..ptr":= selt.trans.ptr * rxt;

(flag the trans as "executinqn *
selt-rans.ptr .exec.flj: true

END (*ELSE v)
END;

PROCEDURE select.st kVAA( sels-.nave..aa :booilean;
sels.trans'.ptr ; ptr..trans;
VAR sels.st..ptr :ptr-strans;
'iAR seed : unsigneaj;

CThis procedure will randomly select tt~e next
suotransaction to work on withn d giver transaction*
Th~ose WniC11 have all tnelr dtomic actions as r.Cr) are no:
considered; neitner are the suotrdnsactions wflicn are
torKea to another-site ;

VAR
1. throw :integer;
sels-.temp-.ptr : ptr-.aa;
nave..st : ooolean;

* BEGIN
IF' sels..trans.ptr ,st.otr nil TtiEN

sels.have..aa ::= false

- - ELSE BEGIN
* ~ ~ ( call number generator for integer 1->no. of st's ;
* tnroio: (TRUNC ((:4Tl1$iiANDQl (seed)) lQuuOu))

(select tne suostrans 4)
sels.st.ptr := sels.trans.ptra*,st-.ptr;
F'OR £ := 1 TO (throw - 1) 00

sels.st..Ptr ;:selsstptr4,nxt;

(cneck IF subtrans' aa's are all finisneo 4)
0 ~sels..temp.ptr :: els.st.ptr40 aa-p.tr;

nave.st ;= false;
NHILr2 sels-.temp..ptr <> nil DO)

BEGIN*
IF sels-temp ptr4*step.num < 14 ISE.N

have.st ;= true;
sels-temp.ptr := sels-temp-ptr *nxt
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IF (sl.s-tr.okfg or (NU~T have..st) Et.%r
sels-.fave..aa := talse

* ELSE
sels..st.ptrO.exeC..tiq :true

ENVD

* PROCEDURE tind..aa (!it..site :char;

VAR out.aa :ptr-.da;

VAR out..St ;ptr..straris;

*C# This recursive proc returns tne pointers to tne requesced
atomic actiontsub transaction and transactions I: tne
proc cannot fina tne entity requestea a nil value is

- * returned in thle Pointer, 4)

VAR
- temptr :ptr..trans;

PROCEDUR~E aa..find Eout..aa..ptr :ptr..aa);

(this attempts to tina the input ad *

I P~ out.aa..ptr <> nil THEA
IF out,.aa.ptr@aa.id~aa-.num aa.num THEN~

out.aa := out.da.,ptr

END; C*oroc aa iino')

PR4OCEDURE fina.st Cout..st.ptr :ptr-.strans);

* ($ this atteMPt3 to tind the input SUb trans*)

BE.c.I N ('proc 3t*)
IF out..st..ptr <> nil THEN

IF outmstqmptr**3t.id =st..num [Hk.;e
BEGlN

* out..st :out..st..ptr;
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aa..find cout.st..ptr , aa..ptr)

END

E ND~; (proc st*)

PROCEDURE tind..tr Cout.tr.ptr :ptr..trans);

(this attempts to find th~e Input trans action *

* BEGIN~ c*proc tr*)
IF~ out.rptr <> nil THE~N

C'minpogt-ram fr tns-ste.aasn = rn-)m m~
BEGIN (;min)

out..cr out-nil;r

tid.rtempt;~t~trs~p
~N~p (*mEN)

VAn-t selar-tr.ntas.t pr.as

VAR; seeco trns*no)

(V mais procere selct tn nx aomcacin o oa

out- the renil;e it hcni nipu ot~

teproere ias notrepyte;h tmi cint enx
executrte istar)fo;ht it te iti mt

th~~~~fVA a aamnune eeatorans-1ptrov a pt-ans fo

Thseetn troedueslcsnx atomic action. to6o n

It hereexcue is, hin s n npt1o25i



W AR
I.:integer;

sela-d~isoose..ptr :ptr..reexec;

BEGIN
sela.have.aa := true;
IF ieexec.ptr <> nil rHKN

C* execute next aa from re..execute list *

find..aa Creexec..ptro.init..site, reexec..ptr"*
strans.nump reexec..otr-,st..nurn,.
reexec..ptr.adanum, seia-aa-ptr,
sela..st.ptr,, sela..trans-.ptr);

sela..dispose-p~tr := reexec-.ptr;
reexec.ptr := reexec..ptr4.nxt;
DISPULJE (seia..aispose..ptj):
IF sela..trans..ptr =nil Tm~i4

seia..ave..aa := false
E.LSE IF seia.st-ptr :nil TnEN

sela-.nave..aa := false
ELS IF se...aa..,tr znil TnEr"

seia..nave..aa := false
END

ELSkE
C$ "randomly" select next 88 *

6E.GIN
Cselect thie transaction to be next 'oorKed cn ~

select-.trans (sela.nfave..aal sela..trans.ptr, seea);

c~If there are suttransactions yet to complete
execution, tnen randomly select one witnin tne
ab~ove selected transaction 4)

select..st (sela.tave-.aa, sela-trans-ptr*
sela..st..ptr, Seed);

(within the ar'ove selectea suotrinsaction, .it

an atomic action is yet to finish, 'worK On
that, else~aorK on tne next one 4)

IF sela.have..aa THEN
BEGIN

sela.aa.ptr := sela.st-.ptrO,aa..ptr;
4nILE'sela-aa-.ptra~steo-num z 14I iU

* If sela..aa.ptro.nxt = nil THE~N
AR1tELN CaUdIt,'LhkOR : seiect-aa '

'i0s trying to-select next',
aa woen none are there');

sela..aa..ptr 3=sela..aa-.ptr 4.nxt
END;

* (* IF 88 Is in lock queue don't select it
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IF seia..aatr4 in.2ocKq.tjq true Tnr2.
se.la..nave.,aa :: aise

ENOD (4 IF iL.? #j

IF sela~have-aa 1HEN
(4 output wnicn aa was seiectea 4

OITELN (audit, 'aa selected tor execution is )
WRITE (audit, sela.aa.iptrft

.aa..ia.trins.site.trans.num :2.;
WR~ITE (audit, sela..ad..ptr;%

.aa..id.st.numn : 2);
wRITL Cauait, sela..aa.ptr4

FUNCTIUN l.ocked (donun integer) :ooolean;

(this tests a d.oo to see it It Is LOcked *

locked :~do..array~donumTJO.iocc;

PRUCEDURE timne-out (tine..delay :Inteaer;

(~this produces the timne out period for aas wnicn are
locked out ay manipulating a tield in trie aa record 4

bEGIN

0 vRITELN (audit, 'this aa Is in timue out :1);

*trans..site~init..site : 2);
WRITE (auoit,time.aa.ptr4 ,aa.id

qtrahSw31ste*.trans..num : 2);

*st.n.fum :2);
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.WPLTE (auditptinmeeeaa.ptr4.ad.±a
,aa.num :2

wIRITELN(audit);
LND;

PROCEDUR~E acouire..AocK (donum :integer;
acost.ptr : ptr..strans;

(MIS locks the target do ana formats a msq tor every site
at which the do is replicated. If tne target ao is not dt
tnis site, thlis proc sets tne suo trans tig as forjng~ and
packages th~e sub trans travel msg *)

BEGIN
(*insure tne data obi is in use*)
Crnsg for forking sub trans & replicated data tor 1ocKS*)
IF dicearrayEaconuml =nil ThNE

AlTML (audit,'IOCK attempt on a data obi nut !Isea'
donuli

IF do.array~donum)491ocK THEN
6RITELiNCauditt'attempt to lOCK a lockced d.o *

,doflumt34
ELSE

do..array~donUMJeloCKqty := u;
aoo.arrayLdonumJ4,loCK := true;
aRlTEN~audItr'l0CKing data ocJ1,onum :4);
acg..aa.ptr~thave..lock :3true;

- EN~D; CI.J.P)
*E-ND; (*acquire...ioCK*)

FUNCTION 1s5.am.sIte (donum: integer) : oolean;

(this returns true it tne data ooject cited cy donum is at
tnis site, talse if It Is not)

curaic :ptr-.dic;

BEGIN
i5..at-site false;
curaic := dIc~array~donum~J;
4HIIL.E curdic ~)nil 00



is G IN

is.at..site := true;
curdic 3:curdic~onxt;

LND;

PROCEDURE loadtv (oo..±d SInteger;

(4 this loads the neoly created terno ver oointed to cy
load..tv.ptr *itn data pointed to by loaa-.aa-p.tr ad

BEGIN
load-.tv-.ptrftaa.io.trans..site. init.site :

* l~oao..tv-ptr aa.i6d.trans..siie.trans-.num :
loao.a-trd..idtrlssiLetrnsnum;

1oad.t.v..pr'~aa.i6'.cnumeq3 load a.Pr~eaa-1M~n.seu:

load-.tv-.otr'.aa..id.m~etric : oad-a8.0-tr.a..o metric;
load..rv..tr *nxt := nil;

loaa.st..ptrO.metricq.s ur;
loadvrOemrcsum := lod.st..ptrO ,metric.sur;

(*update ch..seq in do perm, place in new tv recorc*)
do..arraY~do..iJi.cn..seq := do..arrayoco.djO. cri..seq + 1;
ioad..aa-..trA.aa-.idcn..seq d:o.arraYLdo-i.dj-.c,..seq;
Loao..mv.ptr aa-.id.c..seq 32 o.arrayLdo..icj4*cn..seq;

PROCEDURE sortold (curcna :ptr.,cM;
do..Id 3Integer);

CTnis inserts a linked list of corntlict histories into t~he
data otlect contlict history list in sorted order, rne
new list is pointed to oy curcrma ana tne aarta ooject is
identified by the do..id input. rine ao cri nas a nedaer ani
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* trailer record $

VAR

sort..cm-.ptr,bsec,curcmb,oldcn :otr..cn;

BEGIN (*rl;)
sort.cn.ptr ::curcna;
NHIIL.E sort.ch..ptr <> nil DU

SEGliN (*r2*)
oasecl do..array~do-i.dJ-.Ch-.Ptr;
curcnb 3 basecno.nxt;

sort-.cn...tr~.aa-.ld.trans..5ite. iat.site DL.

basecni := curcno;
curcho := curcnoanxt;

ENU; (*r3*)
IF curcno~ aa-.ld *trans-.s i e *init-.s ite-

IF iqj(sort-ci-.;tr aa-..trans-.slite. trans-.r*ui <

sort-.ctr.a.ai. trans-.site
,lnit-.site) and

ksort..Chtr^,a..la~trans-.site
strannS.fumT > cjrch 4 ^.aa-1itrins-.s1te
*trans-.num) UO

oasecn 22curcno;

curchb ::curcno~wnxt;
EAD; (*r4*)

o.ldcnApair-.ptr := pairci;
oldcn;%.nxt :2basech

4*nxt;
basecn'-.nxt : ldcni
PairCnoeadld :2 sort-.cn..ptrA.pair..ptr4.aa.la;
pairch~ometric.sum :

s or t-.cn..,tr * pa r..ptra.metric..su
Dldch4*8.a- 3 sbrt.Ch..Ptrl.aa.io;

ENDS (*rlij

PiRDCEUURE linKola (in..send..ptr,in..accept..ptr 2ptr.cn);

* ($ trils adds tne nemoers of tne conflict nistory Urn'K Ilst
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ocinted to ny in..senc.ptr to tthe list pointed tO C7

VAR~
ruchatr~ptrtoChflinK.ptr ptr.crn;
nupa3ir :ptr.en-.palr;

lirimc.Ptr : n..accept..ptr;
ptrtocl :~In-send.ptr;

RbPEAT

NE"(nuchptr);
NLA(nupair);U rnucfPtr-.pair.,Ptr :~nuoair;

nupair mretric-.sum
Ptrtocn4par-.PLr'.met ric..su

nucnptrlaa.Ad :3ptrto~n'.ai...c;

nucnptr *nxt Z=nil,
7M. linK..Pti-.nxt := nuchptrvt

linK.ptr := nucnptr;
END; (*12*)

ptrtoeh :-; ptrtoch-.nxt;
UNTIL ptrtocn =nil;

PROCEDURE copy-.to-.tv (curcha :prcn;

doflum :integef);

($ ine thie conflict 0istory list pointed to by curcnd
to the ne~ly created temio version to the 3dta ocject
pointed to oy donum~ *1

VAR
curcnb 2ptr.cfl;

* paircl : r.ch.pair;

BEGIN (ci)
* i~i#(curchb);

NE.ACPaircfl);
curehb.pair.ptr := Pairch;

Pai~rcn**aa.md':x curcfla'*pair.ptr~ae-.ia;
paircnOTietric..su' := curcha* .oair..ptra .,etric-suni;
curchb*.aa.ld :=curcnaosaa.id:,



curChO^.nxt :~nil;
(*If more cli recs then link tnerm in to tv cn*)
LF curcha*'.nxt <> nil THEt.

* linkold(curcnal.nxtcopyvtv.tvptr.tvch,otr);

PRUCE)IRE copy..to..st (cureha ptr..cn;*
copyst.st-.ptr ; ptr..stransj;

(linkc the coniflict history Pointed to by curcfla to trne
suotrans pointed to DY COPYSt-~L..Ptr 4)

VAR~
curcno : Ptr.cfl;
paircn : ptr..cn.pair;

BEGIN (*sl*)
A4(~curchb);

curcnbOpair.ptr :~palrch;
paircri^,aa.id := curcma-4.oair..ptr'.aa-1.d;
pairchO1 metric.sum := curCh&d .pairpdtr* ,retric..s'jm;
curcno4,aa-i.d := curchaaeaa.id;
curcno,*.nxt := nil;
copyststptr-.stch-ptr 3:curcho;
(sIi more do an, l~nK tnem in to st cn list*)

* IF curcnao.nxt <> nil THEN.

lin~cbld~curcna.nxtcopy.st-stptrftst-ch..Ptr.8

inst.st..ptr : ptr..strans:
inst..tv..ptr : otr..tv);

(this Installs a temp ver at a data ooj as Per tne action.
of an atomic action* It also copis any cont nists to sun

*trans or/and data o~js or/and temp vers as necessary*J

VAR
curcma~curcnbofolcnattoleho :ptrq.cn;
paircn :ptr.chpar;
donum 3integer:

donum :=inst..aa-.ptr~aa..d.do..ld;
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(*load the temp vers fields*)
loadtv(donumvInSttv-~ptrpinstst-tr,lstaa.pr);

(*connect tine contlict histories tor co,tv dfla st*J
* (*do notning It ai~ cn's are emp~ty*)
* - IF NOT(Cio-arrayoonumlch.ptrnxt~.aa-id,

trans-slte.trans-num 9999) ando
(inst,.st.ptr~est.cn.ptr = n113) Emi~b

aEGIN ($12*)
(*do it stch not emtpty and do cN is empty*)
I (do..array(donumJ ,cn..ptr,4.nxta.aa.1d.

trans..siteetrans.num z 9999) ana
Cinst..st-ptr4st.cn-.prr <> nil) 1HE:.

(*linK Cin to do perm*)
curchi : inst-stptr.st-cn.ptr;
sortoid(curcma donum);#
(*lirnK Cm to tv*)

copy-to.tv Ccurcna, ins ..tv-o...rcnum);
ENDJ (*14#)

ELSE
(*do if st cm~ is empty ana do cfl is not*)
IF Cdo..array~donumj 4 ,cn.tr.nxt.a...ia.

trans..site.ta'ns.a,.m <> 9999) ana
(inst.st-.ptr.st.cn.Ptr =nil) THE;4

(*linK dO CM to St Cin*)
curcna := co-.arrayLlonurnJ4.cn-.ptr .nxt;
copy to-.st(curcnd, inst-.st-dptr);

END (414*)

(4tnis It st CM and do cn not empty*)
IF (do-.array~donumJ",c-ptrO.nxt4.aa.id,

trans-.siltetransnum <> 9999) and
* (Inst.stptr.st-cn.ptr <> nil) Tr-i P

BEGIN (*15*)K(lind st cn to tv cn*)
curcha := in~tstrtra.st-cn-ptr;
copy-totv(curcnaolnst-tvptrodonum):
(*copy St cm to 1o ch*#
curcha := inSt5t-ptrA * st-.cn-.ptr;
sortald(curcna,jonum);

-- (copy9 do cin to St cm;)
rimcurcma := do..array~donufrj^,ch..tr".nxt;

copy.to..st(curcrna,inst-.st..ptr);

t~o; (12)4

EYO1 ($1#



PRUCEDURE create-.temp.ver (cre-.aa..ptr : Ptr..aa;
cre..st.,ptr : ptr.strans;

(this installs a temp version at tne tarqet data oect
and places the sub tran's corillct nistory in tre temp
version, it also up- dates tne conflict histories at
the data object and at the suo trans ~

VAR
temptvpnxt-rv.Ptrpcre.tv..ptr :ptr..v;
curaostecurst : Ptr.cfl;
l,loop..ent,donum : integer;

BEGIN (4l*)
donum := cre.aamidr....oid:

IF Is-.at.site~conum) THEN
bEGItg cs1a*)

wRITLNiaudlit,'creating a temo version ror;'i

oRITE(auditpcret,ptr.st.ia : i
%ITE(auoit,crea.ptr.aAo~aanum 2);

(*Install N~w tem~p version an-I its c.,*
IF do...rrayLdonumJ .tv.ptr =nil ThEIN

~~i~(*2* ( Cno Lv'S a't C*
NEi (do..array LdonumJ-~.tr)

installtvtcre-.aa-tr,cre-st-.ptr,
cre..tv..ptr);

ao.arrayLdonumJ4 .tv.ptr :~cre..tv..ptr;
E N D (*2*)

ELSE
Si GIN (43*) (*at least one tv at aooU

* tempiv := do..arrayLdonumnJ-.tv.ptr;
wHILEk ten'ptv-.nxi ( ' nil DU

temptv := temi-tvAonxt;

cre.tv-.ptr);
* terptvanxt 3: re-tv.ptr:

END; (*3*)
END (*la*)

ELSEE
aITELNEVERSQR~createtempver called 'wren rd.o. not',

at site')
* END; (*I*)
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I

FUNCTION detect.conflict (do.la : integer) : ooolean;

.* tnis function determines it tne latest temp version

, createo has causea a conflict at its data oLject. If so,

the boolean is returned as true; If not, as talse. *)

VAR
temp.tv.ptr : ptr.tv;
conflict 3 ooolean;

BEGIN
conflict 32 falsel
temp.tv.ptr := do.array [do.iaJ.tv-ptr;

C* It oldest temp version is a 'WKIT&P and it is not tne

only temp version tnen tnere is conflict $)

IF temp.tv.ptr <> nil IHN

IF (Ctemp-tv-ptrft'aa-j,r..-fiq z 'w') ana
(temp.tv.ptr'.nxt <> nil)) THLN

conflict := true
ELSE! temp.tv-ptr := teffp-tvi tr-,nxt -

END; (#IF $

C* searcM all remaining temp versions for a 'RE'; if

one is found then tnere is conflict *)

" HIbi ((temp.tv.ptr <> nil) and (conflict = false)) Ou

IF temo-tv-ptrf.aa.1d,r-w-flq = "w" Th
conflict :="true;

-. temptv.Ptr := temp.tvptr.nxt

END; (* ia1ILE
detect.confliict := conflict;
IF conflict fhEN

Mz RlITLN (auolt,'conflict is aecected at ,<oi..id : 4)

.RITVLN (audIt,'no conflict is detected at ,
-a -j 4o I );

i-.. END:

p.

PROCEDURE detm.conflicts (do.ia :integer;
VAR curr.cn.ptr : otrcr);

(* t is procedure determines wnlcn temp versions conflict
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* awitn the most recent temp version and it constructs a
linKed list of those conflicts. it assum~es a
conflict exists, ;

teMP.Ch.ptr : r...ch;
* temp..Pair..ptr : ptr..ch..pair;
* ~temp.tv.p.trp lastw.tv-.ptr :Ptr..tv;

i : lnteqer;

* BEGIN
(~determine tne conflicting temp versions )

* ~temp..tv.ptr :do-.array Edo-.id]o.tv..ptr;

4hLE temp-.tv..ptronxt <> nil DU
I BEGIN

IF temp-.tvptrO.aa.id~r.i...q THEN

temp.tv.ptr := temp..tvprr.nxt
ENMD;

(construct tne 1inied list of contlict terno versions ;
NEo (curr.cti.ptr);

-~~ temp..cnptr := curr..cn..ptr;
AHILE lastw-.tv.ptr <> temp-.tV..pCr DU

temp..ch..ptrl*.*Pair..otr := teopair-otr;

temp-..air..ptrA.rnetric.su := last4-.tv-.ptr^.
metrc-.sump t temP-.tv..ptro.retric-surt;

IF lastw.rv..otr <> temp-.tv..ptr fHL~N

dB I GN

temp.cn..ptr := temp-.cn-.ptr4.nxt

~~END

ELSEb

6at~vpr:=t~pt-t



PROCED2URE ±ild..tv (iriit..site cnar;
trans.numnSt..nUM , aa.num ,do..d :integ;er;
VAR outptr :ptr..tvj;

(This returns a pointer to the requested temrp versio~n
Coutptr). It the requestea temp ver Is not rouno th~e
outptr is returned nil *

VAR
curptr :ptr.tv;

dEGIN (*proe$)
lIF do.a.rray~do.idJO~tv-ptr nil THtiq

out;)tr := nil
~LLSE

6EGIN (*2*)
(*finn the right tv*)
ou~ptr 3nil;

curptr ;do..arraYLao-IdJ4.tv.ptr;
REVEAT (*UNTIL curpir = nil or tounao)

init..site =Init-site) and
(Curptr4 *aa-l.zdtrans-.site.

trans.num = trans-.num) and
(curptr.aa.io.st-num =

st.num) and
(curptr4aa-ia.aa-num

ad..num) SHEN
outatr := curptr

E LdSE
curptr :3curptrA.nxt

UNTIL (curntr 3nil) or (outotr <> nii);
ENO; (2Z*)

END; (sproc find tv*)

PROCEDURE corstruct-pree-rel (ac..ia :integer);

(*tnis determines current conflicts oitn trne newiy acnenea
temp version ana aadls tnese conflicts to tne do corntlict
mistory in sorteo order and to tne s~Ibtrars ana tv cn's*)

4 VAR
con..cn-ptrptvltvotVi~t : ptr..ch;
con...tr-.ptr ; Ptr..trans;
con.-st..ptr :ptr.,strans;
con~i4.ptr 3ptr..;a;
con.tv.ptr :ptr..tv;
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trans..num, st.numpaa..numpdonun, ;integer;

BEGIN C*oroc constpr*)
4RiTrL.v(audit,'const prec rel at u.o. O'O...c);
con..ch-.ptr := nil;

(*add the NkAW cont nist to tne cata ooj Perm recor-*)
sortcldCcon.cn.ptrpco.1a);
init..site :

trans..num :

con..cn..ptr* * air.ptr~ *aa..xd.trans..s 1tes*trans,u~ti:

aa..num : con..cn..ptr , pair-.ptr".aa..id.aa-.num;
donumn: con-cnptr6oair~tr^...iuo..iai
(*atdo tne NLN cont hist to the iu. trans conf$)
find-aa~iniitetans...nu,st.nuin.,,

C on-apt r cofs t..ptr co n..t r..ptr);
IF con..st..ptr =nil ImErN

oRITELN(aUdittlattempt to tind St tfldt a2lot exisL-):
oITELNd(duditplin proc const prec relp);

IF con.st..ptr-st-.cn..ptr =nil TmE1;

BEGIN

tvlst 2tvistonxt;
linlcbldtcon.ch.ptr,tvjsc);

END; (I*
END;

(*add the Ne cont bist to the te~rnP version,*)
tlnd..tv(init..siteltrans.num,st-.num,daa-num,

donurnpcon..tv..ptr);
IF con..tv..ptr anil ICE

13GIN
*RTELN(audit,latterpt to find tv that diinot exist,);

ARIrELN(audit,lin proc const prec rei');
.qRlTiv(auitfnt.site,trans-num,st-.nurn,aa-runu)

if. con.tv..ptrr-tv..ch..ptr =nil TLN
cc py.to..tv conf.cn..Ftr con.. v.ptr a or ij

4ELS



tvitv contv..ptr^,tv..ch..ptr;
WHILE tvLtvA"flxt <> nil !j

END; (*IF*]

LND (*proc constpr*)

PROCEDURE set.s (do-.id 3integer);

temp.,v~ptr Ptr..tv;

V BEGIN

tept~t doary U;d".vpr

(skip over all "read" tem1p versions 5

IF ternp..tv.ptr <>nil rHEN
mHILaE ((temp..tv. tr,.nxt <> nili)

tenp..tv..ptr 3temc..tv-.ptr4,mxt;

Ccount tne ot temip vers atter tne 1st ~'~~
If7 temp..rv.ptr ,aald~r-w#.flq = ' TrEii

S 3= 3 + 11

E N~ C

Csave tine value in data oclect's per'fanert record
do.array tooidJ4,s..cnt := s;
AF4ITELiN (auoit, 'tme value of 'Is" was set tc : ,s :~

PRUCL.UURL Cop.y-.Cr (cn.ptr :ptr-cI;
VAR rel..ptr : ptr..cn);
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(this procedure creates a copy o± a conflict Mistorv
passed to it 5

VAR

BEGIN
IF cn..ptr <> nil £t16N

84GIN

old.Ptr :=cn.ptr;
aiiILE old.ptr <> nil uOi

BEGIN

NF*~ (NEi..ptr4.pdir..Ptt); b

NEA-.ptr * pair..ptr .etr1c-sun
old..Qtrft.pair.PLr.etrc-sum;

IF old-.ptr <> nil TH'EN~
d E GIN

END CV IF TmE~v P)
Et toL 4iAnILE 4)

NEA.ptr.nxt ~:nil
END

ELSE
rei..ptr ~:nil

PRUCEOURE detect.non..sr (cn..Ptr :ptr.cn;
VAR non-.sr 3Doolean;

($ This procedure will determine it there are any cycles in
the conflict nistory linKed list mvitn Meader ano tralier
wnicn is Input to its If so, tne boolean 'non..sr' A111
be true and tne pointer Orejl..ptr' 4111 point to tne
"minim~al" conflict history, witn neader and trailer wnicn
contains the cycle(s), If not, tfle coolean 'non..sr'
will c false.,5

VAR
oase..otr, lead-.ptr, follow..ptr, bldptr,print.ptr :ptr-.cn;
Pbldptr :ptr..ch.pair;
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cmange, found :boolean;
* . ch.1na : crn.pair..rect;

BEGIN
C* MaKe a C007 Of the data oolect's ccr.rlict nicto:y so

trnat it can be modiflea 4)
,4RITELi4 (audit, 'entering detect-.non..sr'.);
copy.ch (cn.,ptrp rel.,ptr);

(detect cycles oy deleting conflict pairs wn!Cn Could
N4OT be involved in a cycle - tnose wnose 2nd eleaT-ent
never appears as a Ist element ;

REPEAT
change := talse;
oase..ptr := rel..ptr 4*nxt;afollow.ptr := e-pr

WHIILE base-.ptrr*aa..ldetrans-.sitm~etrans..num 9994~9 OUi

tound := false;

REPEAr
lead.ptr := lead-.ptra.nxt;
It' (Cleal.ptrda-ia.trans.site.init-.site

oase-trA.Pair~pr.a-i.trs-sir..

and (1ead-.Ptr' ,aa..i.trans-.s~te.

trans-.numn))

found := true;
leac-.ptra.aa.xd.c...seq Q

uNTIL (CCound = true) or
(lead..ptra.dd.,ia. trtns..slte. trans-.num=

* - -IF found =true Tiic.N~
86LGIN

folJlow..ptr 3=oase~ptr;
base.ptr :oase..ptro*nxt;

C* tnrow out all pairs w'ith tase..ptr's a.,a

element =cn-..d 4

cnanqe :true;
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cnbdaa trpansr te~a~~~rvs.sLe

(delete pair uase..ptr points to, ani
continje moving tase..ptr unti. nic
is not deletea

wHILC(baser.t'airptr.ea..±a
trans-.site.inLt-.site

-c!n.12.oaa-.2d~trans..slte. inlt..slte)
and (oase.ptr-.palr..ptr-.aa-.±c

ch-ia.ad.ia.trans-.site.
trans-.numj) DU

follow..ptr .nxt := tase-.ptr .*rixt;
Ibase..dtr :-; cse-P..tr.nxt

(now search from teqinnlnc of list for
pairs to th~row out 4)

±o.llow..ptr :z rei-Ptr;
ieao..ptr :z re±..ptr4 ,nxt;
*HkILL Jlead-ptrrOaa-iu, rrans-.site.trans.nu~i

<> 9499 UO
bEGIN

IF ((leaa..Ptr4.pair-ptr4.aa-.ic.
trans-s ite

sinitsite ch..id.de..id.
trans-.site

@Erans..siie~trans.nun cr..Ad.
aa..id *trans-.site.

BEGIN

follow-..tr*:,nx d..tr

lead-1 ptr := lead..ptr,nxt
ENU) It TLS 4

leadlo.ptrr::=reLadptr:
±olw.pr: e.ptr : edprx

END (IF ELSE 5

END; (4 eiILE 5)
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(If no otner cnanqes na~ve oeen made ana if ti~e rc
element o± a confllct pair appears no*flere el.za,
then throw inat pair away *

IF enanqe a talse TiiN
i3e.G IN

K follow..ptr := rel-.Ptr;
lead.ptr := rel..ptr4.,nxt;
6HlLE lead..3tr <> nil L G

IF ledPrqa~ac~e 0 Tri,,,

I F lead-ptrA .aa..ia.trans..siLe. trans.ruu
lead..ptr4.aa..ia~cn..sec: ;

folG-t laNpr

K Iead..ptr ;= leaa.ptr*.nxt;

EELSE

nond~sr := truesr^.x

ACIENadidtc not thr aetected non sr'

IF el-tr4nxt~aaltrs..sitans..num 99,

trnsoie-ni..it := 2,l

print-.pt := true;tr~*

ARTLNadtrans.1letrn.nu is :2,
prnpt =rinl-ptr ,ptr.t.d..

oRITEN~arit..itr,piptr *aidtas-ie

intqit :rn~t :2 print..prraanxt;

trn.13 tasnu 0

prnt4a~d1t4tm;2



ENDD

* ~PROCEDURE determine-.rollback Crel-.ptr :ptr-.crn;

(This procedure, when passed a contlict history linked
listpoined t byrel..ptr', will proauce a new lme

list of conflict nistory pairs mnicn, wnen roiled DaCK,
will eliminate all present cycles. rne input list n-ust

0 witnout them.

VAR

small : inteqer;
cycle : ooolean;

BEGIN
rollOaCK-.Ptr ::nil;

Ccopy tfle conflict history linked list ;
#RITELmp (audit? 'entering aetermine-rollMaCK');
copy..ch (rel-.ptr, cooy..ptr);

(find the conflict Pair with sm~allest m~etric-.sum w
tempinptr := copyptra.nxt;
small := temp-ptr 4*pair-ptr 0 .metricsr;
REPEAT

IF temp-ptrO.pairnptr ,metric-sum <small fHEN
small : teinpptr pair-ptr .retric-suin;

UNTIL~ temp..Ptr~onxt = nil4;

(delete tne contlict history oair wuitn tne smiallest
metric-.sum *

tollow..ptr := copy..ptr;
6 ~~wrILL temp..ptr4*pair-.ptr ,metric.sun <> small LUO

follow.ptr :=temp~.ptr;
temp.ptr :z temo..ptr-,nxt

END;
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(append the aeietea Pair to trhe rolloacK list 4)
temp.otrOnxt := nil;K IF tolilCK.Ptr = nil THc.N

BL~.GIN

add.ptr :2rolibaCK-,4-tr

8EGIN
add..ptr,nxt := temp..ptr;
ado-..ptr 2add.ptr4.nxt

E$ determine it any more cycles exist 4

4 detect-~non-.sr tcopy..ptr, cycle, copy.ptr)

U~rIL~ N'OT cycle

FUNCTIUd is-.ifl..2st (init..site :cnar;I
trans..num, st.num ,aa..numn inteqer;
1istptr : ptr.reexec) : cooledn;

(this returns true it tOie Input list memoer is in the iist
Ot type re..exec..rect, talse other*ise 4

VAN~
eurptr : ptr..reexec;

is-.in..list := false;
curpcr := listptr;
IF curutr =nil IN

64GIN (*ELSE*)
repeat (*until curptr =nil*)

IF (curptr ,Ini..site =init-site) and
(curtr'.ransnum= trans.num) and

, pq(curpr&st-.num = st..nuim) and
(curpr.aa.nun = aa-nuii rmEt

1s..±h..list := true;
curptr := curptrO.nxt;

UJNTIL curptr = nil;

4 CNOI (4func is..in-qlist*)
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PROCEDURE ch..dispose (VAR head..ch..ptr :ptr..cn);

c* rhis procedure mill release un-needed storage sp-ce so
that it may later ue usea agai~n* It does so tor roiled
bacKc con±Ilict nistortes. *

V Ai
ch-ptr :ptr..cn;

BEGIN
4HIiJZ nead-.ch-.ptr <> nil DO

cnl.ptr :~heaa.cc.ptr;
nead..ch..ptr := neai..cn.ptr~.nxt;
CISPOSE (ch..ptr~pair.P~trj;
OISPOSE (ctn..ptr)

EN D; ( crn...spose *

PRUCELURE rolibacK..cn Cinht..site cner;

from-commit ; ooolean);

(* his procedure will remove conflict nistories from
throughout the database, It called trorr tne commit
procedure, all ch's mill be removed for tine corn;itting
trans - identified by its init-.site an trans-.nun, It
calico from rolloack, a list of cn pairs hill ndve ueen
nung on tne purge..list-ptr. e

PROCEDURE purge..cn (VAR riead..cn ;ptr..cn;
pg..ptrtocfl ptr-cn;

(this removes tne ch pair member pointed to oy og-.ptrtocn
from trie list pointed to by neaa..ch*)

WAR
tvl.Ch :ptr.cn;

BEGIN (*purge cfl*)
IF nead.ch <> nil Tih N

5EGIN (*3*)
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IF head-cn pq..otrtoc, TmEN

hedo..ch :: ttcn~nt
no.ld-.ptr : gtoc'nxt;

purge.list..otr :z pg-.ptrtoch;
END

ELSE
BEGIN (*2*3

tvl-.cn 2 feac..ch; 0
WhIlLE tv~l.ch,nxt <> pq..ptrtoch OU

tvl.crI*.nxt := pg..ptrtocn-.nxt;

ENL) L2*)
LIND (*I*)

END; (*purge ch*)

PROCEDURE ourgecommit (VkR neaa-cm-c, otr-c;
cm..init..site : char;
cm..trans.nun : integer);

(* this finds all the en members In the list pointed to uy
head.cmch whichnhave ident.L±±ers tfle same as tne
init.site and trans.num and removes tnem trcm tne
list oy calling ourge.ch *

VAR
purge-.cm.f±1g : ooolean;
noid.cm-.ptr,tvl..pr..cm :ptr..cn;

BEGIN ($ Purge commit ;
IF head-.cm.ch <> nil T.iEN

tvl..pr.cm ::nead-.cm-.cn;
purge.cm.t±lg := false;
AmILE tvi..or..cm <> nil t~j

bEGIN (*24)
IF (tvi.Pr.cm * aa.ia *trans-s it~e init-.si1te=

cminit..site) and Ctvi..pr..cm*.aa-i2d.
trans-.site~trana..num =cm..trans.nu'; iHEL~

dEGINi
purge.cn (nead-CM.Cn, tvl-.pr..cm,

purge-cm.fig :=true;

ELSE
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IF (tvl..pr-.cm4.pair-.ptr*.a&..1.trns-s ::e
±flit..site
cm-..nit..sitei) and (tvl-.pr-.cm^.

purge-.cntheaa-cn.cn, tvi..pr.cm,
hol..crn..ptr);

purqe-cm.fly~ := true,
END;

IF purge..cn..ilq ImNk

ELSE

purge.crn.fiq :=alse;,

Elio (*1*)

EN~D; (*purge commit )

* ~PROCEDURE purge.rollvaCK (VAR nead.rl..cn :ptr..cn;

rl-init-.site : char;

rl..aa-.n~m :integer);

(* this finds all trie en Temters in tne list pointed to cy
* -head.rl..cr, which nave identl.±iers tne samne as the

init..site ano trans-.nur and stnx ana aa.rurn
* . and removes them trorn the list oy cil.ling curge.cn ~

VAR
purge.rl..flq ooolean;
nolar..ptrtvl.r-.rl p tr.cz,;

BEGIN~C purge rolloack $
IF flead.rl..Cn <> nil THEN

tvl..pr..rl := head.rl..Ch;
purge-.rl...lg := false;
AMILE tvl.pr-.rl <> nil UO

6EGiIN C42v)
IF (tvl r.rlO.aa.id.trans..site. init-.site

* ~ri.init..site) and Ctvi-.pr-.ri'.aa-..d,
trans.siteetrans.num = rl..trans..rum) ana
(tvl..pr.rl*aa..d.st-.num =rl..st..num) and

purgecn(red.r.cn~ tvl.pr..rl,
S nola-.rl..ptr.1;
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Purqe.rl-..lg ;=true;
ENO)

IF' (tvi..pr..ri 4 pair-.ptrA4,aa..d. t.-an-Sl.se.

Iflit..site

pair..ptr., aa...d.

and (tvi..pr-.rl .pair-ptr0 .aaia.

pair.ptr^ .aa.ioa..r-uT, 'rl-.aanuns)

OtGI
pure~.r...lg:~noid-.ri...ptr);
purgerl-tq :=true;

IF purge..rt.fig -ril E"
tv.L..pr.rl ::nolQ..ri-ptr

ELSE

CNU (*I*)

EQo c purge rolloaCKc$

PROCh.DURE purge.tr..cn (pg-.irnit-.site :Char;
pq.trans.-nun, pq..st-.nurn,
Pg..aa.nur : Integ~er;

C. thlis removes the Ch's from the *mole tran~saction~ ano
suctransactlon structures wnic, nave the same~ parameters
as tne input init-site~trans-nu,st.num and aa-nu;.
it± tr..corrmit is true, the call came from trne commit
Proc, It false the call came from tne rolliOaCKJ

VAR
K ~tr..nead,stn.ead : atr-.ch;

trtvl : ptr,.trans;
st~tl :ptr..stians;

BEGIN (;purge tr cn *
IF trans..ptr <> nil rHEN

tr.tvj. iz trans-ptr;

b4GIN (*2)
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Purge..commit I.tr.,vl'o *trans.cr..ptr,
pg - init I t s1re ,1qt ran s -n u7

purge~roliack,tr.tvl4 trans.cfl.-str,

st~t i :2Pqt ;nun pgaa num'j:

A41ILE st-tvi <> nil LUi
d~uIN (;3*)

IF tr.comn'it Ird.N
Purqe.comnltkst..tvift't~cnPtr

pgInt.ste,p..trans~nurnj
ELSE

E I; (*3*)
tr...vl : tr.tvl'.nxt;

END *2*)
END (*I)

END; (Purge tr ch

PRUCEDURE purqe.do..cn (!nit..site :cnar;
trans-.num, st..num, aa-..um :inteqer;
do-trom-.commit : ooolean);

(this *ill Purge a conflict rtistory laentirie oDy aa..io
elements trom all d~o,'s ana all tempo versions *

£ ifltegerF
tv..ptr :ptr..tv;

FOR I I~ TO 99 DO
IF do..array Eij <> nil TviEN

BLGIN
(~purge this cn from the d.o. oerm~~

IF dio..trom..cormit imEN
purge..commit (do-.array LIV .cn~.ptr,

ELSE init-site, trans.numn)

purge..rollbaCK (cto..rray Li1 4*cn..ptr,
init-.siter trans-.nun,
st-num, aa..num);

(purge thiis crM from all tv's at th~is d.o, .

tv..ptr ::o.array LLIO.tv.ptr;
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K . #ioiLa tv.ptr <> nii L0

IF do..frorn..commit J~i

purge..rollmac (tv.ptr tvc-or

pugerol;C (P purge...oo..cn r)

EN E* GIIN

It fromconmmit rH;

BEGIN

kiIELN (audit, 'rolloaCK..Cn i.s removirng ct-"s tor',
rommitc');

END; olbc~n*

PROCEURE rlease ok oo..id: iteer
purgetr-cn(rel.siaaptrasnm :tnn Dtr..ae);

curenlyexeoctn aonici ctonsnm stn*,aern

cur.pt IF ELrSEc

nxt..aaa~ptr : ptr..aaD

relm.dspoetptr btr.slocK.;
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bEGIN
rel.aa.ptrhave-lock ::false;( - IF ao-.drray (do..1dJ.locK.q..ptr <) nil THEN2

BEGI±N
(find aa at front ot lock q~ueue t Cndn.d 1:

10OCK tlaq 3

.aI~r ao.array Ldo..idift.Jock-qotrftaa-iaI of)
tind.aa (trans.sit.4ut-slte,-

trans.5±te.tr~afs..num, 
0

IF nxt..aa..ptr <) nil LHL.N

nxt-.aa.ptronave..lock := true;
mxt-aa-Ptr.nloc~cq..l9 fal±se;
nxt-.aa..ptr4step.rum~:

END
ELSE

ARltrLtN (audit, 'aa-.Id not found(reeseocK'j;I
(call fina-.tv and send cortainin:: tnie tv to eacri
site wnere tne d.0. IS replicateo 3

wIrt, ao-.array Edo..id ".locKqptr.aa.it) 1

OR~ITE (auditt'release locK ;
ax'ITELN Caudit,lremroved from lOCK iUUe
.N'ir-- (aualt~trans..site. it-.site : i p

%R~ITE CaudlE,aa.nun : 2);
wiITELN(audit.);

(4 remove aa from front 0± locKa + rollcacK
It's clis 3

*trans-u,st-n.fum,aa-.rurnase);
ENL; (4 wltn 4

rel..dispose..Dtr ::do.arraYLdodj^.oc....ptr:
do..array~do..idJ4,loCK-..a.r :=

0I~hfUb(rel.dIspose.ptr);
END (4 IF TnEN

c3GIN
(release locks at edcn site d~o, i.s reclicitei
at -atter first Installing ttne correspon,±rq
temp version 8

curr-.ptr :dic.array (do..±aJ;
4 ~~*ILdL curr..ptr <> nil LUu



II

do-.arraY Ldo..idjo.IOCK := tdlse:
skIEL(aut0'release jocK -for 'i*:@

ELSE
(send msq to replicatea site
curr..ptra.site-..d to 1st install a tv,
thlen release Ene IOCK *

WRITiiLN (audit, 'release LOCK tor a..'

at site ',curr-ptra.siteifl;

curr-ptr := curr-p.troanxt;
ENL) (5 LL~*

END IFD:~

PROCE DURL rolloack (inlist.ptr : tr..cn;
VAR roil4 cn..ptr p tr..cr);

(5tnis rolls oaCK any atomic actions onicfl appear ini tne
list pointed to by Il.Lst anJ any atomic actions in
the same suo transaction which folio4 tne rollei OaCK
atomic action, Any temporary version oulic by tne rollea
OaCK atomic actions are deleted anu any tertiporary verslons
oased on tne temp ver which was aeletea are also ieletea
and tneir atomic actions are rolieu oack, tne output
pointer points to thle list of atomic actions Anicrh m'ust

me executed oefore any others are allowed to execute.
the Input list will not me empty wnen tnis oroc is calieo.
No headers or trailers on any output list, a list or
cont nistories from roiled DdCK temo vers is aiso
output,*5)

LAdEL 1;

iA satvvOkaaflgoKtVtlg, first.rol.flg#OK..lg :coolean;
isite : Chlar;
1. tnum~scnurn,aanUm~doid : Integer;
incnptr i ptr..cn:
folrolpti ,nurolptr ,nureptr , oloreptr,
currol,rolloack.ptrpre.Ptr :ptr..reexec;

K ( proceaures tor rolloacK 5



PROCEDURHE roilback-.aa (init..site : nar;

VAR oKaafig,isdtv : boolear);

V (*This rollsbacK atomic actions found on the roli':dCK ;-!St,
If any successor atomic actions need to be rolle- OaCK(
due to rolling an aa oack, tne successors are placea at
tne end of tne roli- back list, Ene t(r) auantit.es are
also adjusted at tfle suo trans and trans as necessart.
it tne atomic action is in tne 1ock queue it is removea
and lastv Is set to taise*)

VAIW
rollo.aa..ptr ; Ptr..aa;
nurolptr, tvlptr : ptr-.reexec;
ptrtotv : ptr.tv;
donum' : Integer;
findptrlcurptr : ptr.locK.q;
rollo.st.ptr : ptr..strans;

Co proc for rolloack.aa)

PRUCL~URE tind..loc..q..memo (initsite :char; transnfl,stlu,
aanum,doid : Integer;
VAR curptr : ptr-l.ock-o);

(#tnis proc returns tne pointer to a mnemoer of tne ioc'K
queue at *aoid witn tne attrioutes IntVut to tne orac. itz
it cannot find the mnemb~er It returns a nil in curotr*)

tv.Lptr : ptr..±ocK..q;

BE.GIN (*tind loc q ne1,b*)
tvlotr := do..array~ooidf.lCKc.q-.Ptr:
IF tvlptr Snil THEN~

curptr :=nil

dEGIN (*I*)
curptr 3:nil;

RiPEAT (*until tvlptr =nil or fourd me~nioer~j
IF (cvlptrf.aa.id.trans.site.

ihit.site = initsite) and
(tvlptr~eaa.io. trans..site.

trans..num = transnum) and
(tvlptrAaa.ia.st.nun = stnum) ana
(tvlptr4,aa.Io.aa.num a aanurn) IHL.N
curptr :tvlipti

ELSE
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tvlptr z: tviptratnxt
UNTIL (tvlptr = nil) or (curptr <> nil)

END; (*I*
ENDI (*find loc q mernoer*)

BEGIlN (*proc ro.lloack..aa*)
roilo.aa..ptr := nil;
find..aat(init.site, trans.nun *st..numn aa-num,

rolo...aa.ptr ,rollb..st..ptr ,roll o..rr.prr);
IF rollb-.aa..ptr = nil YhE

o~caatlg f: alse

IF (rolbaa-..tr~eve-4ocx) 1HEN
release.lock~rolo-aaptr,aa-i.o.ia,

oKaafJ.; := true;
*RI~TLN(aUdt,'roliinq oaCKc atomic action :1);
WR~ITLdauditfit.site : 2);
aRITE(audit,trans-.num : 2);

.RI1i(audit~aa..num : 2);
agi.TELN(audlt) I

(ii tfie atomic action to roiloacK was In4 stec 14
adjust tne fin qtys in tne sub trans a~ia
possibly tne trans *

1F rollb..aa.ptr-estep.num = 14 ILit;
OEGI1N

IF rallb-.st.ptrft*aa-fi.n-a.ty

rollb-tr..ptr' * st..fin-qty =
6,irptr-.str^.sct~n-qty -1:

rollb.s t.ptra.aa..tn-.qty =
rolmcstr*.aaa-tirin-ity -1;

(It tne atomic action oans a t(r) terno ver.i1on
tnen adjust tfle quantities at tne suC Lrdr'5
and trans as necessary*)

find..tvinit.site,trans.numst-nun,aa-.num,
roiib.aa.ptr .,aa-id * o..l , otrtotv H

IF ptrtotv <) nil Tm
K IF ptrtotvastat-fia = 'r' TH1EN

IF roll..st-.p'zroaa-tr-o.ty
roilo-st-m.tr-.,a-.oty rri,,4

rolio..tr..p~tst.tr..qty ;
rollo-tr.ptrftst.tr..ty -1;

rollb-stt4aatra.tr..
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(*it tne atomi~c action is in tne jOCK aue,.e,
remove it*)

donum := rol2Jb..aa..Ptr a.a .o..ia;
IF rallz..aa.ptr4 In..4oCKq_t THiE.

*ITH rollc..aa..ptro.aa..d DU) 6ECi L1.4

flnaoc.q.meflb(trafl5-site *init..sites
t ran s ste*t r anb-.n uiit
striur,aa.nu,doia,curptr);

IF~ curptr <> fl±i 4m
roJlback-cn(trans-site. init-site,

trans.site. tTrfls..flU,
stnumna.num,talsej;

mRITE(audjt,'roolaK.aa is removing');
ARITELNJ(auait,' aa trom JlocK q :j
*RITL.N augit, trans..sL esi nit..s2te :~

trafls.s.ite.trdns-num ; if

isatv := fal3se;-
IF dora~o~i.J."C--t curu~tr

THiEN
do..arayLdonumj4.loCKC.tr

doao.rr7aonurnj*.±OCK-1-Ptra.rlxt

tinaptr :=ao.arraYLoonurnJR.

finaptr-.nxt : currti*.nxt;
END (1.7*)

ENL (1l.b*)

OEXIN (1.)
oR 1TELN Iaudit,

Iroida tailed to tnd ioc xe~no

S E-nufli ', aa..nr '4

ENV; (186*)

($reset fields In rolled cack atonlic action*)

-9 ~ri~ro lb.aaptr ) nv l -1:
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C#fjna and sena to ro4ioacic list an~y itc-i~c
6 ~~actions whlich executea after theroc*

oaCK atom~ic action*.)
If roi -aa...tr".stec..n,; <> u ii.

BEGIN (*3*)
IF N~OT is i -i t ro .. ~-tr* -a ii

trans-site,

trdns-.s ite.
trans-nuj', rollo-.aa-.ptrAfad* a

rollbaa-ptA~aast..dnun,

roibaCK-p.trj -U'r,.

N EAg(n ur o I t r);

nurolptrA* nit-site

trans..site *init.s it";
nurolptrA.trar.s-nur:

trans-.s2.tee*trans-..mJ.;

nurolptrO~aa.nuii :

s - n um~r

aa-..±. ao-..±;
nurolptrA.nxt := nil;
IF roiloaci-otr ril THEN

roiloacK-.ptr :=nuro.Lptr

tvlptr :=rollbdCK...cr;
4MrILE~ tvlptrl.nxt <> nil u0

tviiptrA.nxt := nurointr;
OND; (454)

END; k * 4

roll.aaptr :2 rIL; De-tr~x
£ND; ( *2*)

END; (*proc rollbaecaa*)
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PROCEDURE2 ro.loack..tv (init..site :cnar;
trans..nun',,S -tJMn, ai..num,
do..id : integer;
'4AR o~tVtlq : boolean);

(*this rollsback a temp version as a resul.t or trne ternp
versions atomic action oeing in the roillcac lis~t
IF there are suosequent, temTp vers oased on tne rolioack
candidate tney are placed on tne rolloacK list for
future rolloacK*)

VAR

rolptr : ;tr..reexec;
tvlptr,nurojlptr : ptr-.reexec;
lonurn i integer;

(proc for rolloack..tv *

PROCEOURE copy.to..roll..cn (curptr :ptr-.cnj;

C*tnls copies the list of cont hist pointed to oy cirrotr to
a rollOacK list pointec to Dy roll-cr..ptr*)

tvjlptr : ptrch;

bEGIN (*Prnc copy to roll ch*)
IF toll-.cn.1ptr =nil THEN

* roll.cm..ptr :curptr
ELSE

BEGIN (1l*)
tvlptr := rollcn-ptr;
xMLeI tvlptr4,nxt <> nil U0

tvlptr4,nxt := curptr;
END; (*I)

END; (;oroc copy.to-.rall-.ch*j

biklI (*oroc rolloacK.tV*)

IF ptrtotv 2nil THE~N
oktvflc : false

d4Glh (*2*)
oktvtle4 := true;

K 4~RITELImaudito'rolling oack temp verslon ;)



aIfcT(audit,trans..num :2j;

melIT(audit,aa..num : k);4
4RITEILN(audit) I
curptr :=do..arrayt~do.idJft.tv..ptr;
C*tne ease anere the rolloack temp ver Is tme orly

one in the list*)
IF (curptr = ptrtotv) and Cptrtotv~.nxt nil) ijt.%

BEGI 114 t.i5*)
IF ptrtotv <> nil TrtEi

DISPOSE(ptrtotv);
do..arrayLdo.ioJ^.tv-.r'r := nil;

ELSkL

6EGIN (*3*)

(*tne case where the roilcacK temp ver is tne
first me'nber in tne list--oulid a aummv
first mle~ber so you can tianale it like
tne general cdse*)

IF curptr =ctrtotv t1.E

donum :2curptr~.aa-ia.o-id;

curptr~nxt := .trtotv;
do..drrayLuonua1J4tv-p.tr := citrutr:

ENUI (*3d*)
($hanole the generai case *nere tnie rolitbaCK

temp is irmoedoa in cne list*)

curptr :2curptr .nxt;
curptronxt :2 ptrtotv-,nxt;

C~rolloacK suosequent temp vers*)
mm1LE curptr*.nxt <> nil C'j

bEG IN (*..*)
IF ptrtotv <> nil Tm'ii

DL5PuSe.(;trtotv);
4If' NOT isinilisttcurptrf.nxt.a.iu.

init-si te ,curptr * nxt * aa-.Jao

trans..numpcurptr',nxt.aa-id.

159



roil~oaCK...:rJ ) -!*

aSEG I ty i*

nuro.Lptr-.trans..num := curKtr-.nxt-.

nurolptrOst-n~lm := curptr-rnxt-.
dd ...1 ist-.num1;

aa..a anum~;
murolptIAdo.a :zcurotr.nxtA.

aa...a o-o..

IF rol.loack-.ptr = r.. Tr~t,
roJllaCK.p~r := n;urolptr

tvlPtr .nxt :z nlirolptr;
L.N. (*5*)

copy.to-roil_'cnl curPtr0,*nxt.

tv.d.ispose-otr := curptr^.nxt;
curptr'rixt := curptr-.n~ct-.nxt;
ulbus(Cv-ispose-ptr);

c*cut out aum-ny record le It exists*)
IF curptrXai-drals-ste.it.slte ='X* THL.w

V do..arrayLaonum^.tvPtr~ curptr^.nxt;
EN'O; (*2*)

END; (*Proc rollbacC-tV*)

-* dEGIN (*proc rolloaCK*)
roll.cn..,ptr := nil;
tirst.roi..±lg := true;
incnptr := inlist..ptr;
ro.llOaCK..Ptr ;= nil;

REPEAT (*until IncnPtr ni*
(*load tne re exec list w±tn the daa fromr trne co~
pair rec*2

q IF~ NOT is..in-liist(ncflptr.r.Zptro,aa-ica.
trans..sjte.init..site,



incnPtr04 *ir-.,tr- daia.
trans.site. trans.num,

reexec-.ptr) ThrEN'
bEGIN (*IF 1*)

NEAnureptr) I
Ireexec..ptr znil TnEN
BEGIN (*'is*)
toloreptr := nureptr;
reexec-.ptr 1= nureorLr;

ENO -(*,*)
ELSE

BEGIN ('1')
toioreotr := reexec..ptr;
4hiILE foloreptr-,nxt <> nil U

fuoloreptr :='folorePtr'.nxt;
tcloreptr-.nxt := nureptr;
foloreptr := nuiteptr;

ENUd) (*I*)
nureptrOnxt := nil;
nurepr* *nit..site := incf~ptr- *pdir-.Dtr^.

aa-ld.trans.site.Inli-.site;
nureptrotrans..nu := incnPtr^.Pa1r-.Ptr0,

aa..id.trans..site.trans.nunl,
nureptraest-nrum 3

nureptr*aa-.num :
incnptr *Pa ir.ptr * a- .an,.rim

nureotrado.io
incnptr 4 ,oi~t^a~aa-

L P1,0I (*IF 1$)
(*load trie rollOaCK list wi~h data tram tre enl
pair rec*)

IF NOT 1sin-list (incnptr * pairinptr 4 * a-lo,
trans.site.int.site,
ircnptr * ar-pr* a.id.,
trans..site. trans..nurn,
incnptr ,*pair..ptr * da-..ist-.nurn,
incriptr; . Pair-ptr.aa-l* aa..rwrn,

44W(fluroiptr);

* BEGIN
rollback..ptr : murolptr;

tolrolptr :=nuroiotr;
ENU

ELSE
BEGIN (*l*)

* folrolptr~enXt ::nurolptr;



folrojlptr :=nuro4lptr

nurolptr 4
6 ?nxt :3nil;

rurolptro.trans-nim := incmptr ~ -ar.ptr.

nurolptr. ,st..rur := incnprq i_;r~d_'
st,furn;

ad...rum:
murolptr4,ioia :

END; (*IF 2*)
(*load the rollback list with d1ata fr-om

the cM rec*)
IF N~OT ls..in1llst (incnptr .aa.id. trans..site.

ircnptr0.*da_..Iatrans..5ite.
tians.n.m,

F"incnptr" .aa.i..ia * m
rolaK.t)TE

BEGIN (*IF 3*)
NLi4(nurolptr);

Ii fist-ro-figIriLN

rollaCKptr;= nurolptr;
tolrlpt :=nuro4.ctr;

BEGIN (*I*)

±olrolptr :z nuioJ.;tr

first.rol.flg ;3 alse:

nurolptr4 ,nxt 33nil;~

murolpr4trans-nun := incnp'trO
aa...ii. rans-.site~trans.nun;

nurolptr-.st-nurn : incnpir4 .aa...u. st..num;
nurolptr'.aa.nun ;z 1ncnptr %.aa~ic.aa~fnr

P. nurolptr*,do.io := icmptr0_,aa..1d .do~i1;
EAU;JL (*IF )

inehptr :a incnptr*.rlxt;
UNTIL inchDtr = nil;
currol := rolloaCK.Ptr;
REPEAT (*U~iIL~ currol =nil*')

* o~-dtlg : idlse;
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Oktvflg :~false;
isatv := true;
(*IF thils atomic action is not tram this site,

tne roll- oacK msg and send It to mne mnit site
of t?,e aa do not roll it or any temp vers
oack at this site at tnis time otner~ise, rulicicy trne
da and the tv*)

rolibacKc.adCcurrol4*init.sice,
currolO *trans.n urn,
currolA*.stnun,
currol, . a..nun',
OKaaflg, isatv);

(purge the system of this aa's ch'sa rollbaCK-.Ch(curroi'. init-site, currola.trans.nu, 04currol~ost..num, curro 4a-nm talsej;

(*If tne atomic action most likely createa a temo ver,
tnen roll it back*)

IF isatv TkILN
rollback..tv~curroi4.init.site,

currol *trans..n~

c ur roo . st..n um
currolVkaa-um
currola .aO..u,
oitvt I;);

(4reset s value and release the o.o, loc< if oresent*)
C; IF oictvtlg THEN'

set..s(currolO.do.id);
IF7 do-.array~currol4.do-.ijJ~s.Cnr <

bohrelease-1.lcktcurrol~o...l;

(*It ot aa and tv mere rolled eCdCea, continue*)
IF Oiaaflg and oktvtlq tnen

currol := currol'onxt
CSTnen aRITL an error 4iarning andtn en continue*)

dEG IN
a I TE~L N(audit,
'attempt to roloack anl aa,tv that *as not tnere');
ZNTE-i (audit ,currol , init-Site : 4,

currol4.trans-.num : 4,
4 currol4st.num' : 4,currol".aa..num :4,

currol&.do.id :4)1;
currol : currol^.nxt

E4D;
UNTIL currol nil;
I IF rollbacK-.Ptr <> nil IH4,

8EGIcN



re-.ptr :=rollOaCK..Ptr;
oK-f.lg : truie;
rolliack-.ptr := rolOdCK..Ptr* .nxt;

ELS4

Oi~flU : false;
IF oc.,flq THEN

C $Vl FGSE(re.ptr) ; )
goto i;

ENDI ('proc rolloack*)

PROCkLDURE restore..sr Crel-.ptr :ptr..ch);

* (5This Proceaure will restore serializaole execution at tne
local data object, It receives as input a list ot
conflict nistory pairs wtrdcn dre all involveo in cycles
and outputs a list of as ohicn must be reexecutei
linearly, *

rollback..ptr, roll..ch..ptr :ptr-.cn;

bEGIN
jhT,-LN'(audl1t,'restore.sr is restoring sr');
(4 produce the list of aa's to De rolled aack sU
ietermine.rolioacpc (rel-.ptr. ralloaCK-.Ptr);

Croll those temp, versions bacK, and all relatedi ones 5
rollbacK (rolloack-.ptrv roll-.cn..ptr.);

Cuooate all contlict nistories to retlect the rolled
Dack tv'S

(rollbaCK-C.n (roll-.cn..otr, 'yU, 0, talse);

EN D

marKc..a-otr : ptr..aa;
marK.St-.ptr : Dtr-strans;

(4ths mrKSthemost recently created temp ver as el " ner
t(r) or t(w), If the temp ver ismrKed t~r), tne Sio

1b4
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A8

trans ana trans whlich createa tne temp ver have t'nvir t~r)
quantity fields adjusted as required*)

VAR
tvlptr : ptr.tv;
readflq : boolean;
ptrtotv : ptr..tv;
donum : integer;

deGIN (*marKtem..version*)
flnd..tv(marK..aa-.ptrtaa..iocrans..site. inic..sitep

marK-aa-.ptr-.aa-.idetrans-.site.trans-.num,
marc..aa..ptr4.aa-.. *5t-num,
mark..aa..ptr;%.aa.ia~aa-.nun,,
marc..aa-.ptr4 .aa..iao-..ic
ptrtotv);

ARITELiN(aud,marKtenp-.ver marKing :)
ARIIE(audit,marKaar4*aaiatrans-site.ini..sit-e :4,

marK-aa-.ptrr'.aa..ia.Lrans-.site.trans-nuv :4,

marK..ad-.Ptr6aa.aaa-nwuii : 4,

* wRITELN(audit);
* case status ot

* r' : ptrtotv4 ,stat.tldl : r';

'z' : ELs(*case z.*)
readtlg := true;
donum : arK.aa-.ptr 4,aa..la~do-..a;
tvlptr ! o-.arrayLdonuMJft.tv-p~tr;
IFr tvlptr =nil ImEN
OEGIN

v'8lrEtN(audtpTarK temp tried madrk a');
Ak1z(audt,tCepT; vhicfl ias not tnere');

trans-.sliteei.nit..site,

trans-nu~',
marK..a-ptr*.,aa..Ld. st..nurn
marK..aa..ptr 4 9ea...d~aa..num,
marK aa-tr4aaid~o-.aj;

* END

3EG IN
NAtLLE tvlptr <> nil DU

8EGIN (AH Is, E*)
IF (tvlptr.a..dr.s..fq 'r=

0 and Creadilg) THE.%
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Pro) arld

(readflqJ TH.'

redl±g := false
tN u

ELJSL-
iF7 Ctv1ptr-.aa-±o.

r-o-t') and

Eviptr. * ztat.fi1c:

END; (*on.LL*.)
~tw; (.SjELS6.;j

EN)5 (*case z*)
ENDO, (*case*)
IF otrtotv",stat.±Id = r' TIoEw

BE.GIN~ (*IF is r*)
mark-.st..ptr4aatr.cty:

rnarK-.St.ptr^,aatr.qty + 1:
IF mrKstt.PZ.a.tr.. 4ty >

mar starx-sr-ptr4,r.a.cty TmE~

wRITLN(audit,"ia mrlterno the aatr 4ty');
WRITLL.N(aUditt'exceeced tne aa qty');

IF mark.st..ptr4,aa..r.qty

marK-.tr..ptr ,st..tr.qty + 1;
I F marK.tr..ptroest.tr-.qty >

rnarK...rr..rptr*t*tSt..ty

mRITLN(auajt,'in rarKtemp tne 5ttr qty');
mRITELNauaitp'exceeaed mrne st qy)

END; (*IF is r*)
END; CsmarK temp version*)
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PROCEDURE enter-.IOck.queue (enter..aa.ptr 3Ptr-.ad);

C* this enters an atomic action into tne lock queu~e at a
data ocject when the atomic action ±inds tne
data ooject locxed 4)

V4R
nulocptr,tvlptr p tr..locK-q;
enter..st..ptr 3ptr.strans;
erter..r.ptr 3ptr-.trans;
donuw .9 integer;

bEGIN (*enter LocK queue*)
(Poulid and load thle NEW lOCK queue menioer ddtd*)

nulocptr,*,nxt := nil;

nulocptr-.aa-lJd;trans-site. Lrans,ium 3
enter.d.ptr,aaid.trans-s1.te~trans-num;

nulocptr-.aaidstnnum 3enter-aa-ptr:aa-idst-num;

nulocptrA~aa.d~oo.,.d :=enter..aa.,tr-.ia.io.oo..ia;
nuiocptr4 ,ad.io, cn.seq :2enter..aa.ptr*, aa-i.d~cr2.seq;
nulocptr*,a..aiauetric 3 enter~aoptro aa-luonecric;
4RIt1Law(auditp'eftering this aa in tne lock queue'd;

enter.aa.ptr~aaa.L1.trns.site.trans-flum :4,
enter-.aa.otr4.aa.ia.st-.n~m : 4,
enter-aa-.ptr.aa-ij~aa-num : 4);

donUm :2enter.aa..ptrA.aa.idclo-.ic;

(*set tne atomic action lock tiela as IOCKec out*)
eneaaprA;=iCq-l true;*
(venter the atomic action into the locK queue*)
IF doara oumAlcx-t nil IMLN.

8EGIN (*ELSE*)
tvlptr := do.array~donumJ0,lock.a-ptr;
WH4ILE tvlotr*,nxt <> nil LiO

tviptr :z tvlptr4,nxt;
tvlptrA.nxt : nulocptr;

ENiD; (SE
END; (venter lock queue*)



PRUCEDURE sort..cn (inlistptrpsortlistptr :ptr..cn:
Ind-.insert :oooleal;
VAA Sort..Znsert : booledr);

(*this inserts a linKed list of conflict histories pointed
to by inlistptr Into a sorted list pointed to ay
sortlistptr sorted order. Duplicate memoers are n~ot
inserted in the list. If tne ind-.Insert flaq is on, trne
sort.insert flay is true if an insert occurea. A neacer
and a trailer are used in tne sorted list for ease
of insert.')

VAR
scth.cn.ptr,baseptr,leadptr,nucnptr :ptr..cn;
nuoalirptr : ptr.cn..pair;

K dupflq :00olean)

PRUCEOURE deter~ine.dup Cjet..,a-pt,ieadptr : tr..cn;
V/AR duptly :boolean);

C* this sets duptlg true if the cont Mi~st pointed to Cy tne
two input pointers are duplicates *)

BEGIN (*determIine du;*)
IF Coet.aa-.ptr*aa.idetrans-.site. irit..site

leadptr^.a.ii.trams'.site.lnit..slte) AND
(det..aa..ptr^,aa-..d.trans.site. trans-.nur

leaoptr4 .aa-.i4, trans.site *trans.num) AN~D

leaaptr,aa.id~stnum) AND)

leadptr,*aa.i1Iaa-.nu-n1 A,'O4

Cdet..aa-ptrA,,Pair-.ptr* .aa..ld. trans-.site~inits..ur
leadptr".Pair.otr.aa.id.trans-.site * tsnite)

C aet.aa..ptr* * pa ir.,ptr 4 aa..id *Str.s~ras-
.leadptr~opair..tr .aa-id~st...num) e~rnsrur AtiD

Cdet-.aa-.ptr.pair..ptr, .aa..idesa..nrn =
leadptr"'pair.ptr .aa-.icaa...num) ANDEP

dupflo := true;
z NO; (*ditermine duo*)

BEGILN (*Sort ch*)

scn..ch..ptr ::inlistptr;
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vqmILEj scn.cn.p.tr <> nil LJu
dEGIN (#r2*)

baseptr :=sortlistptr;2
leadptr :: aseptr-.nxt;
.n11La leadpra#ad-.idotrans..site. init-si.te <

B&GIN (*r3*)
oaseptr ::leaaptr;
leadpr: leaoptr",nxt;

END; (*r.3*)
IF leadptr4 .a.1.i~trans..site *inlt..slte

IF Nuf(sch.cn-.ptr*.aa..-.d~trans.site. trans..ium

leadiptr .aa-±a~trns-site~trans-.nu J

3Sch.cr.4ptr^.ad..ii. tr ans..site *

(scnchnpr^aa.ia.rans.tr'.
trans..um >

BEGDIN C*r4*~)
baseptr s= jeadptr;
leadptr := jeadptr4.nxt;

ENU; (*r4*)
duptig :=false;

It NOT duptig rHEN
8EGIN (*r5*)

NL*(nuchptr);
SN(nupalrptr);
nuchiptr^.pair.ptr :=nupairptr;
fucflptranxt := baseptrft.nxt;
oaseptrronxt :2 nucnptrfi
nupairptr^,aa-id:

sch..ch..tr^,*pair.otr * aa-.ic;
nupajirptr^,metric.sun

sencrotr* pa1r-*meri.metisu;r,;

If £fld..ifsert T 14N
sort.lnsert :=true;

ENU: Cr54;)
scn-.cn.ptr ;3scn..ch.ptr^mnxt;

ENDs C'r2*)
L140; (*sort ch*)

PROCEDURE add..and.detect (ada..ch-.ptr :ptr..cn;
VAR Nas-non.sr : oolean;
VAR roll.cn..ptr :ptr-.cn);
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(# This adds a Meaaer and a trailer to tn'e input contlict
nistory list and calls tne detect non-sr proc. It noin-sr
is detected theC flag "was-non sr" is set to true. Lne
header and trailer are stripped1 otf prior to return ~

- - VAR
* ~~out.ch..trp tvlptr, ch..dispose-.Ptr : tr..cn;

pout.cn..ptr :ptr.ch-pair;

BEGIN
was-non.sr ;:false;

(add hleader and trailer *
add.n.and-t (add..ch-.ptr);

1 C; see It non-s exists )
detect..non~sr (aao..cn-.ptr, wasnon-sr, roll-.cn-p.tr);

(strip oft Meader and trailer ;
tvlptr := add.ch-.ptri
4HILE tvlPtr*nxt.aa-i.detrans.site~init-.site <> 'A' uti

tv.Lptr : tv.ptrosnxt;
chlspose.4Itr := tv.lptr 4.nxt;
tvlptrA.nxt :=nil;
It' cn..dispose..ptr <> nil TmLIN

0lSPCSE(cn..dIspose-ptr);
ch..oispose..ptr =aod..cn.ptr;
add.cn..ptr := a!od-.cnptr 4

9nxt;
0L3SGS(c..ispose.ptr);

- - END;

PROCEDURE sort.tr..cfl (sort.ptrmerge-.ptr :ptr..cn;

VAR~ lnsert..flq : coolean);

(this sorts the list of conflict nistories Pointed to oy
sort-ptr and merges Into tne sorted list tne li±st

poitedtbo y merge.ptr. 4 duplicates are allowei i
K *the final sorted list pointed to oy out-cn-ptr. if ar-y

inserts to the final list edme trom tne m~erge list,
V tne insert..±lq Is set to true,*j

VAR~

pout.eh.o.tr : otr.ch..pair;
sort.insert : ooolean*
tvlptr : ptr..cn;

BEGIN (*Sort tr cn*j
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insert.tlg F= ALSE;

(*add a Meader and trailer cfl recora to tne ou.tputilst')
out..ch..ptr := nil; '

acaa.n.3and..t (out..cn.,ptr);

IF mDerge.ptr nil Tt*.N

ELSi;
IF sort,ptr =nil. TH>EN

BEGIN ($1*)
insert-.fig := TRUE;
sort-ch(rterge.ptrpout-.ch..trFALbE,sort..1nsert);

ENDi (*I*)
ELSF. *neitner pointer is nil*)
5FGIN *)

sorticn(mergeptr,out-cptr,T~u,sor..isert);
ltF sort-.insert £mEN

0 strip oft header and trailer from output list*)J

tvlptr := out..ch.ptr;

tvlptr4.nxt nil;

END; (*sort tr cn*)

PROCEDURE resolve.g.looal..sr (ptrtotr : tr..trans;
VAF res..cn..ptr : ptr..ch;
VA was-,non..sr : ooolean;
VAfk rol.l.cn..ptr : ptr.crfl;

(*tnis resolves global non-serializaci.lity by cetectiny non-
-serializaoility on'tne concatenation 0± conflict nistories
for the input transactions Lne iterative process of
concatenation of conflict nistories and detection of
non-ser insures tnat the detection process and tne
resultant resolution process are exhaustive for a given
transaction, roll.cm..ptr points to tfle mi~nimal contlict
history to roll oaCK*J

VAR
tr.array : array~l..991 of integer;
mtarray.±lg,oun..a.one,m.r-.ch,1nsert-t.lq ocolean;

1:integer;
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tvlptr :Ptr..trans;
sortptrlmergeptr,tempptrflxt-trcf-otr : tr..cn;

Cprocs for res glo sr *

PtsOCEDURE set-.array (set..ch-ptr prc)

C* this puts a I Into eachl index slot wnicM Is not a 1 or a

2 for each transaction founa in tne input list 0±

conflict histories. The mccex is tne trans.num riela
in the conf hist*)

VAR~

BEGIN (*set array*)
tvlptr := set.cn..ptr;
AHILE. tvlptr <> nil 00

BEGIN L*1*)
IF tr..array Ltvlptroa8.io.trans-site.

trans-nuin) : TH'EN

trans.numj:=;
IF tr..array Ctvlptr4 .pair-.ptr* .aa.,Id.*

trans-..3te-,trans-nunj Q rj
tr..array~tvlptro4*p8Jr-ptro.aa-ic2.

END; (*I*)
EN'D; (*set arrayV)

PROCEDURE tjnd.a.one (VAR~ nxt.trch.Pir : Fr-.cn;
VAR found-.a-one,rnt-tr-cn : booieal):

(strils attempts to find a I in tne tr..array. if a 1 is

found, a pointer to the transaction's conflict nistory
with the same trans.num as tne inoex in the array is
returned,the toundaone flag is set to true ani ir ttne

transaction conflict Is not empty the rnt.tr.cn fiaci is
false, Ii no I is found the foun..a..ofe is returflea raise.

'.4 It a I is toufld but the transaction's conflict is empty,

the mt.tr..cn flag Is set to true*)

VAR
idxvi I Integer;
tvlptr : ptr...trafls;

SEGlN (Stind a one*)
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mt..Cr..ch :false;
foun.a.cofe :2 alse;
nxt-trcn~.ptr :~nil;
4mILE NUT (I > 99) UU-

liF tr..array[I] = 1 THEN

found-a-.one :=true;
tr..arrdiyLil 22

Idx :z 1;

END

IF found-...1 one ThE.N
8EGIN (~

IF tvlptr a nil ThLN

lerrorotind a 1 found rnt trans list-)
E LS E

AH~ILaS tvlptr <> nil Lh
BEGIN

IF tvlotro.trans-.site,
trans-nun lax £ bLN

IFi tvlPtr'*trans~cn~ptr <> nil lciil,

trans..cn-ptr;
tvlptr :a tvlptr A.nxt;

END;

IF nxt..trcnl.ptr = nil THEN
mt..tr.cf := true;

~N; (*find a one*)

(* ain loop res glo sr '

4Rire(audito'enterilq resolve qloca. sr !or trans v)
ARITE(aUdit,ptrtotraetranSs-ste±flit-site : 3 )
RITElN(audItotrtotr*trals.~slte.trdfls-num :3 )

FOR ± := 1 TO 99 DO
tr..arrayLil 0;

A mt..array.tlg :=false;
oas.non.3~r t=alie;
tr.arrayLptrtot'rOtrans~ite~trfls-lumJ :=2;
set.array(res~cfl~otr);
aMILE (NOT mt.array..±lg) ANU (NUJT was.non-.sr) OL

4 6EGI (qi*)
found.a-.one : false;
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mt..tr.cn 3:true;
findaone(nxttrch.ptr,fond.aone,mt-tr-cn);
IF (±ound..a.one) ANL) (UTLr mttr-.cn)

Insert-t.lg := td±se;

Ptrtotr*.trans..cn.ptr :tempptr;
res.ctn.kr := tempptr;
set..array(res..cn-ptrr);

*RITL~(audt'resolve alocal is call.inc,.
detect.mnon.sr tor )

*RTL(auit,trtor~rans-sitee

wkiTE(aualtptrtotr4,trans.site.
trans-rumn : i 2

was..rofl.sr := talse;
add..anoetect(rescnptr,as.ronsr,

roli.ch.ptr)

LNU; C*2*)
IF NIGI tounq.a.one THLNd

mtq~array.flq := true;
END" (*If)

LAWD; (*resolve global sr*)

PROCEDURE detect.global..sr (qlobal-.fig boolean;
VAK comn't-.flq : ooolean;
'RAf tr-ptr : atr...trans;
loCKq.cn.ptr : otr-c);

(; TFhis procedure will determine It tne transaction conflict
histories presently indicate serliallzable activity. If
so, the eommit..tlg will return Er~ae; otnerwise, talse. .

VAR~
dummy, non.sr : boolean;
roll.ch..ptr : ptr,.crh;

BEGIN

* ~~sort.tr.c (tr.ptr4trars.cn.ptrp 1oCKq..Cn-.Ptr,
tr..ptr4,transcn..ptr, dummy);
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acc..and.detect (tr-.ptr*.trans.cn.ptr, non-.sr,

If non..sr THEN
restore.sr (roll.cn-..tr)

resolve.glooai..sr (tr..ptr, tr-tr.trans-cn-Ltr,
non..sr, roli..cM-.otr);

IF non..sr fhEN
restore.sr CrolL..cn.ptr);

END
ELSE

BEGIN

tr.ptr*.tranS.cn-.Ptr, dummry);
add..and..detect (tr-.Ftr%.ras-ch..ptr, non-.,sr,

roli..cn-.ptr.1:
IF rion..sr THEN

restore.sr (roii..cn..ptr)
ELSE

non~sr, roli..cn-.ptr.J:
IF non.sr THlEN

restore.sr Croill.cn..ptr)
ELSEI

commit.fig :true

PROCEDURE detect..deadiOCK (ae-.ptr ; jptr..aa;

tr..ptr : ptr-t.rans);

(this proceoure will aetect ana, it necessary, resolve tne
deadlockc wh~cn can occur when atomic actions are placed
In lock queues $

VAR
oase..rv.ptr, f4Ke.tv.ptr, take..jist..ptr : ptr..tv;
faice..end..ptr : ptr-tv;

temp..locK..ptr Iptr.IOCK.q;
ql0balantlgp COrM~it-flg boolean;
donum :integerl

4RIULN (audit. IcneC~ing deaclOCK tor aa :0);
oRITE (audit,aa.ptroaa..id

,trahis..siteuinit-.site 32);
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WRITE (audit,dd..ptravaa.iu

,RITiE Caudl~t,aa.praa.ia~stnun % 2);

*tRITELN(audlt);

(construct "take" temp versions fromn the aa's in tine
lock queue so that a complete contlict hisr.ary
can be ouilt)

faKe..list..ptr := nil;

teDIP.10lCK..ptr :i 6o.array~donunj'4.ocK.q..Ptr;
*hILL. ternp...OCK..Ptr <> nil 00

deGIN

A118 tern lock..ptroaa-.d O£j

faKe..tv..ptr"*aa...ld.Lrans..site. init..site :
trans.site. init-.site;

take-tv.ptr".aa-idrans...site.trans.numn

faKe.tv..ptrft.aa.i.ia*st..num s t-.nw';
faxe..tv.ptrO~a..o1aanumn: aa-um;

fa~e-.tv.ptrAeaa.1.±ao.io do...i;

fake..tY..ptr-*aa.1,mnetric :metric;
face..tv,.ptr4.tv.-cn.ptr := nil;
WRITELN~auditpvcreatina fdke tv for:');

trans.site.tran..nun : 2,
st..num :2j
aa..num :2,
do..id :2)1;

4'RI rELN(udit);
LND; c* with 5

IF faKe-.list..ptr nil TH.N~

faKe..list.ptr := aKe.tv-.ptr;
* fake.elo.ptr 3: d'e..tv.ptr

ELSE
EEGIN

faKe..ena-.ptrO.nxt := taxe-.tv..ptr;
fa'Ke..ena.ptr := fdce..tv-.ptr

* END;
temp.,4ock..ptr 3:temp..loCK..Ptr*nxt;

LND; (s while *
taKe..tV..tr",nxt ::nil;

(hang the fake tv s at the tv $
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base.tv-p.tr 3=do-.array donum] .tv..ptr;
IF co..arrayLdonumjostv-.ptr 2nil THti

oo..arrayLaonu~nJ4.tv.ptr fa~ke-.list..ptr
ELS. 3G~Ia

*AL rcdse.tv.ptr~,nxt <> nil i.;O

base..tv.ptr,nxt 3=take-.list..ptr;
ENO;

(It conflicts exist, construct ano save cortlict
fl~story ;

loCKq.Cr0.Ptr := nil;
IF detect.conflict (donum) Xt6,

aetrn.contilcts cdonum., locK~...cn..ptrJ;

temp.locK..ptr := do-arrayLonumj4locc..q..ptr;
mILEJ temF..lock.ptra.nxt (> nil Diu

~remove tne face tv from Ene tv list ~
IF base.tv..ptr =nil THE.N

do-.array (donum)49tv.ptr ::nil

ELSEI
Dase-tv-ptr-,nxt 32nil;

Cado tne current aa st'S ch to tne locq.co.*

IF loCKq.cMl.ptr <> nil 1HEZ

temp..cn.,ptr :=loC~q.C0-Ptr;
4nIL temp.cfl..otrnxt <> nil DU

temp.ch-.ptr,nxt := sE..cn-.ptr

l0C~qincninptr :st-chptr;

(detect and resolve any deaulocK 5

IF loCKqmCn..Ptr <> nl IT1.s

glooal.tIg :=alse;

LLI

PROCEDURE update..finisneo.qty ttin.st-.ptr :ptr-.strans;
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(This procedure Is only called wnen an atomic aCrL1Or IS
t inisned executing (at step 14). i will. updcte tie a

*finlsned quantity at the suctrans and it tre s'4ctrasi
finisnea it sill rncve the suotrans cont ruistory to t.ne

* trans and update tne subtrans finlisnea qudntit,. 4)

VAR
fin.Dcn..ptro temp.chi.ptr 3ptr..cn;

8EGIN
IF fln.st-.ptr .aa-q.ty = tin..sE-.ptr 4.aa.±1n-.qty 1HEN

vvRITELN (audit,
'I.RRUH: step 14 has more aa&'s tiflisnea '

'tnan exist')
ELSI BEGliN

* (* add 1 to aa finished quantitY *)

IF fin-..sptr4.aa..qty = fn..st-ptr^.aa-fin..ty Tlm; .

(add I to subtrans finisned quantity *j

fintrptr.st-in-aty + 1;

Cs copy suctrans cn-, tnen add it to tne
trins' cn *

IF fin..tr..ptr-.trans-cn-.ptr nil lk.iJ
fin.tr..ptr * trans.cn-.ptr 3finr-,cn-.ptr

ELSE 8EGU4
temp.ch.ptr := ±in..tr.ptr4 *trans..cn..ctr;
41ILF. temp..cri.ptr 4onxt <> nil Cu

temo.ch..ptr :temp..ch..ptrl.rxz;

m~DEND (* ELJSE
EN * IF rtN *

ENO (* ELSE 9)
END;

PRUCEDURt execute (VAR seed unsigned;
tim'e-delay : integer);

VAR
exec.trans..ptr : ptr..trans;
exec...st.,ptr :ptr..strans;
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* exec.aa..ptr :ptr-.aa;
* rel..ptr : ptr..Cr;

nave..aa, non..sr : boolean;

* have.aa :a talse;

C"randomly" select next atomic action to execute ~
select.aa (nave..aep exec..trans..ptr, exec-.st..rtrl

exec.aa..ptr, seea);

* (4 execution sequence *
IF nave-aa THEA 86GIN

a ~exec..a.ptr4,srep.num := exec.aa-ptro.step-num +1;

CASE. exec-aa-.ptro.step..num or~

1 : (; If lOCKed, tnen time-out,
else acquire lock *

IF7 locked (exec..aa.ptra.aa...i,ido_.ZU Tr.N

ELSE dEGINv
acquire-.locK (exec.aa..ptr1,aa_a.dco..c,

execsEptrexecaa.Ptr);
exec-.aa.ptr4.step-.num := exec..aa-.ptr^.

step-D.um +.
ENO; (4ELSE 4

2 :(v remain here until time-out finisnea
C'If still locked, enter locK Queue,

else get lock *)
IF exec..aa..ptrortime-.val < time-a.elay liiE:4

6EGIN
0 continue to wait tor time-out Eoerna 4)
tln'e.out~time-.delay, exec..aa..ptr);
exec.da-.ptr-*tep-.nu~i :exec..da-.ptr.

END (4 IF 4)st3-u

ELSE
8EGIN

I1f locked (exec.adtra.ad.lo o.1c13 1St24
(~go to enter..locK.aueue step *

ixec.a..iPtr * step.num
:2exec..aa-.ptr-.step-.num + 10)

ELSE

Ei'WI (4 ELSE ;

S .3 :C;remain m~ere until all non-local locks
are acquired *
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IF do-.array~execaaptr^.aa-.oo±o.±CCK-.zLI
<> 0 THEN
exec.aa..ptrastep-.num :=exec-aa-.pcr-.

step..num- .

4 : ;rest and relax )
non...sr := non..sr;

5 6LI
(read/update data object *1

create-t.emnp-.ver (exec..aa..ptr, exec,.st-.ptr,
eAec..trans..ptr);,

A* It conflict exists tnen invoke cne localU concurrency controller 4
IF cletect..conflict (exec-.aa..ptr* .aa..i

construct-.prec..rel E(exec-.aa-ptr^ .aa-..u
.do..ia)

(go to set s to zero step ~
exec..aa..ptr~estep..num :

exec..a..ptr^.step..nun + 4;
END;

6 : ~store trne nuenoer ot con:Jicts this temp
version nas 4

3et-s (exec-.aa..ptra.aa-l...do..±d);

7 : 4tne local concurrency controller ;

detectflonsr(oarraYLexec.dd-ptr-aa.iu

iLF non-.sr THEN
restore-.sr krel..Ptr)

t.LSE
exec-.aa..ptr * step-.nurn: exec..dd...tra.

step.nu +1

ENO; E ca3se 7 $

8 m 4 ark status as eitner tcr) or tVw) *

marK..temp.version~z,exec.aa.ptr,exec-.st..ptr,
exec..trans-.ptr);

g' o to cF~eck for release lOCK step *
exec-.aa-.ptr * step-numn: exec.dd..ptr-.

Kstepn'um' +
~Nv C'case b

9 : 4mark status as t(w3 )
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maric..temrp.verslon L'*', execmaa-.ptr,
exec.st..ptrp exec..trans.ptr);

(go to crieCi for release lOCic stec 4)
exec-.aa.ptr"Iestep-.nur ; exec..dd.Lr^.

step-.nuir

END; C;case 9 I
10: (* set s to zero 4

11; mariK status as t~r~ )
rarK-temp.version U*rf exec-.aa-.ptr,

exec-.st..ptr, exec..trans-.ptr);

12: (4release snort-terml locK, it neCessary ;

IF do-.array Eexec-aa-ptr~aa-l.d~do..oJ".sxnt~ <

release-lOCic (exec.aa-..tr-.aa-ia.o.iu,
exec.aa-.ptr);

(go to fiflisned step ,
ixec.aa..ptr-.step.numn: exec-.aa-.ptr-.

END; (5case 12 4)

13: (* timie out nas expired ;

GIN
enter.lock-.queue (exec-.aa..ptr.1;
detect.aead.lOCK (ixec-.aa-.ptr, IPA

exec..st..Ptr, exec..trans-.ptr)

exec.aa..ptr*.step.nur exec-.aa-.prr.
step-num

END;

14: (5output whicn aa nas tinisned and ucdate
"finished quantities" - trvls stepnun
explicitly used in Ptoceaure select.aa

PITELN (audit, 'tne aa at step 14 is
*RITL (audit, exec-.aa.ptr4,aa..Ad0

*RITE (audit,exec-.aa..ptr* aa-.ia,



trans.site~trns-nu' 2);

WRITE (auditpexec.aa.otrob aaldst-ur ;i);

ex ec..tr an s..p tr );
END; (case 15 *

END (;case)
END (*IF TViEN *

END; ( PROCEUAJ8E ekecute P3)

PROCEDURE commit (com..tr..ptr :ptr..trans);

(*tnis commits a transaction atter all temporary versions
nave been labied tkr). The temporary versions createa
oy the trans- action atomic actions are deleten, a nistory
message is sent to file audit, arid tne temi.orary vrersi.rs
at tne data objects w.here a tem~porary version as ceen
deleted are re-lablea t(r) or ttw) as necessary.*)

VAR
tvlptr : ptr-trans;

Corocs for commit main loop $

(*tnis sets a temo version oasei on a committea t(r) terp
ver to t(r), ptrtotv points to tne comnmittinq ter'p ver ~

VAR
sett.tr..ptr : otr..trans;
sett.st-.ptr : otr..strans;
sett.aa-.prr :ptr..aa:

6EGIN (*reset tv*)
* (*It another tv is based on tne current tv then reset its

status;c)
IF ptrtotv4*nxt <> nil THEN

IF ptrtotv-,nxt~stat,flo <> 'r' TmEN

* tind..aaptrtbtv,*.nxtoaa.Id~trans.site~lnlt.site,
ptrtotv~ nxtl aa-..d*trans-.site *trans-.num,

* ptrtotv4.,nxt.aa.iastnum,
ptrtotvvnxtft.aa.ia.aa-nu,sett-aa..ptr,
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IF sett-.s..traa.tr-QtY >

sesettt.st...ratrr-* y

sett-st-ptr .a-ty
wRITLNCaUditp'from commit');

'in inark temip tne aa tr qty');*
vRIL.IN(aUdittlexceeaea tne aa aty-);

IF sett-.st.ptr~aa.tr-.qty

IFsett.tr,..trest..tr.qty

BEGINd

sett-.tr..ntr^,*st-q.ty;

wF~1TELN Caudit,
'in maric temnp trne st tr czty');

RIrELhN8uoit,'exceedea tne st atyli;

END; (41*~)
ENDO; (*reset tv*P)

PRUCEDLJRE find.aa-.commit~find-.aa..ptr :ptr..aa);

C~tnis visits each atomic action 0± a committinq transaction
* * and de.letes the tempory version createo cy trne
* atomic action*)

VAR
donum : integer;

* tviptr,ptrtotv : ptr..tv;

t3GIN C$±ind aa comnmit*)
IF tind..aa.ptr <> nil THEN

BEGIN (*I*)
* findtv~tind,.aa ptroea-i.,itrans..site~init..site,

tind..aa.ptr saa-..detrans.s.Ltetrans.nur,
* t~ind..aa-ptr .a..d *st..num,

find..aa..ptr' .ad.1d .aa.nuni,
* ±ind-.aa.ptraa.idedo.dpptrtotvJ;

conum 3= ±nd.aa.ptr4,aa-ddo-id;
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IF ptrtotv nil TI4LN
BEGIN (*2*)
(;error, could not find the tv*)

*mRITkLN(audlt,lccmmit could not find a tv z'.

Init.site ;4,
tina-a...trOa'da-.iotrans-.site. trars..rux :'.,
fino..aa..ptra.aa..io~st..num : 4,
find..a a.ptroaa..io~aa.nun : 42;

W[ITELN(auait) P
END (*2*2

ELSEk
6EGIN4 (**

(*rem6ve tnis tv's conf histories from~
all cnos*)-

rolloacK..cn Lptrtotv* .adq.id.trans..site
init-.site, ptrtotvo.aa..ld
.transiS.te. trans.numpi
0, , true);

(*If tv Is first in li.ne*')
IF do..array~donamiotv-,ptr = ;trtotv Tht

do..array~aonunJ .tv-.ptr := ptrtotv^,nxt

(*the tv Is imoedded in the list at tv'SE)

tvlPtr ;= do..array~oonumj .tv.ptr;
*hILE tVlPtro.nxt <> Ptrt~tv vcu

tvlptr :=tvlotrftnxt;
tvlptroonxt := ptrtbtv-.nxt;

E ND; (*4*)
S et.tv..r rCptr to :v ;
(*reset tine s-cnt value at thne ao.o and
release the J.ocK !F present*)

IF do..arrayLptrtotv.aa.o.do-i.o s-.cnt<

release..loCK(ptrtotv.aa.id.do.±d,

zirio.,aa.ptr2;,

±ind..aa..commitrtfind..aa..ptr.nXr);
*END; (*I*)

E~ID; (*find aa commit*)

kPROCEDURt; tind.St..commit(fins-st.ptr :ptr..strans);

(Etnis visits each suotrans In a committing transaction so
tnat eacn atomic action can oe visited*)

A
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BEGIN (*find st commit*)
IF tinsst.ptr <> nil rhEIN

find.daa.commitl.±ins-.st..ptr*.aa..ptr);

LND; ($14)
END; (*find st comimit*)

C; m'ain loop commit
L6.G I N

wOiILN(audit,'committing transaction ====>

U corn r..ptr*,.trans-.site~trans-nu, : 4);

committed*)
IF con...rr.ptr =trans-,ptr £li .N

trans-Ptr :com..tr.ptr*,nxt
ELSL

OEGIN (*I*)
tvlptr ::trans.ptr;
"HILE tvlptr~..nxt <> corn..tr..ptr OU

tv.trfDnx comcomn'r±txt

PROCEDURLE glooal.sr;

Ltnis procedure is called in the main proeqran.'s co forever
loop ano will insure the global sirializaoiiity at trne
atomic action sequence 4

VAR
ternp.tr..ptr : Ptr..trarns;
commit..±lg, glatal~flg b oolean;
nil..ch..ptr ;ptr..en;

BEGIN
temp.tr.ptr :=trans..ptri
WhtL~E temp.tr..ptr <> nil DO

13EG.IN
IF temp..trptrst..qry

te,1np.tr.ptr4*st.fin..qty ILkN

IF Ctemp.r...trotranscm-p.rtr nil)
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and (tenp.tr..Ptr"st-q.ty

BEGIN
wR~ITELN (audit, 'transaction

temn tr..ptr4.trans..site.InL-ie
temp,.tr.ptr-.trans..sitetrns-nurn:3,
*is t(r) from glooal-.sr'J;

commit (ternp.tr..ptr)
END (* IF rdEA 5

ELSE dEGIN
glocal.f.1g; true;
commit.flq f= alse;
nhl.cn..ptr ;~nil;

IF commit-..±g and Lternp..r..rtrA.st..aty
z temp.tr-.ptr~est-r...ty) Ii

commit (ternp..tr.ptr)
ENiD (# if EL~SE

END; IF' THEN *j
temp.tr..ptr ;= temP...rr.ptraonxt

ENU (S WHiILE *j

(0 this proqram Is an adap~tive optimvistic concurrency
controller *

C* main program ~
bEGIN

RE#RITE (audit);
* RE4RITE (data);

- - ~RESET (trans);
R.ESET (dataclic);
RESET (dool);
R~ESET (runfile);

(build the transaction file *
bldtX;

*4HITELN (audit, 'tne transaction tile *as built');

* (v build tne data dictionary 5
- . blddici

4RIrELN (aao 'tne data dictionary was oullt'8;

(b uild the data ooject database *
bidoo
4RirELN (audit, 'the data object database was oulltv);



(*build the tvvch environment it required*)
WRITELjN('do you Aant to redo tv or cn, y or n ;
ORITELN (audit, 't~e tv,cn environment was cuilt');
readln~ch);
cneCK..StOP(stoprun,ch);
IF (cn IYI) or Lcfl =y') iHEN

-: savcntv;
I. ~coflcftv;

prselect;
CLOSE Cdata) ;

enter.time...delay (time-a.elay);
xIrELi4 (audit# iie delay constadnt enterec '

time..delay);

enter.random..seed (seed.):
oRLTELN (audit, 'random seed value enterea : ',seed);

C* initialize atomic action re.,execution list 4)
reexec.ptr := nil;

RITLN ('Enter a carriage return to oegirn execution :)

ch := 'y';

#MItLE cfl = 'y' Do

pug-ls-t:,x nil;

F'OR i : I TO 1000 00
BEGIN

~call receive message 4

(execute eacn atomic action and related
control 4)

execute (seed,tlmeq.ae~ay);

(V insure th~at actions are seridlizable ~
glooal.sr;

(this code disposes o± no longer needed
conflict hist nodes *

4 ~tvl-P.urye := purge..jist..ptr;
*MLE purge.list-.ptr <> nil DO

C1SP05E(tvl.purge'par-.ptr);
OISPOSE(tvl.purge);

EN D;

167



pure~lst~tr-n : nil;
N.w(purgC~lst--ptr 4*pdirptr);

* IF trans..ptr =nil TH6Nt

'All transactions are tiinea ';
ivRITELN ("All transactions are finisned !,!'

RITULN ("Continue mlain loop geese fly" or fn".0.;

cnecK-..stop (stoprun, cfl)

RE.MRITE (data);
orselect i
CLOSE (data)

LNO. (4 program algosetest )



APPLiNuIX C

SAMPLt S u(LATi£Ut UUfPUT

the transaction tile was ouillt
tne data dictionary was built
the data object aataoase Was built
the tvch environment was built
time delay constant entered : 3
random seed value entered : 1
locKing data oVJ 1
locking data ool 3
locking data ooj 2
locking data ooJ 4
creating a temp version for:
1 2 1 12

no conflict is detected at 2
creating a temp version for:
1 1 2 1 3

no conflict is detectea at 3
creating a temp version for:
13114

no conflict is detected at 4
marK.temp.ver marking

1 4 1 1 4
release lOCK for d.c. 4
locking data ooJ 4
marK.temp.ver marking :

1211 2
creating a temp version for:
14114

conflict is detected at 4

const prec rel at d.o. 4
conflict history constructed at 4
the value of "s" was set to :
mark.temp.ver marking :

V1 1 '2 1 3

mark.temp.ver marking :
1 4 1 1 4

release locK for d.o, 4
release lock tor a.o. 3
locking data ooj 3
creating a temp version for:
11111

no conflict is detectea at 1
release lOCK for d.o.
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entering this aa In the lock aueue
1 2 2 1

checking deadlock for aa :
1221

conflict is detected at I
conflict history constructed at
creating a temp version for:
13123

conflict is detected at 3
const prec rel at o.o, 3
contlict history constructed at 3
tne value of "s" was set to I 1
entering this aa In tne lock oueue

1 4 1 2
cnecKing deadlock for aa :
1 41 2

conflict is aetected at 3
conflict history constructed at 3
locking data obj 4
marK.tempver marking :

1 1 1 1 1

marK.temp.ver marKing :
1 3 1 2 3

release lock removed from lock queue :
1 4 1 2

rollDaCK.Cn is removing cnr"s for rollbacK
creating a temp version for:
1 , 1 2 3

conflict is detectea at
const prec rel at d.o, 3
conflict history constructed at 3
the value of "s" was set to : 2
nark.temp.ver marking :

1 4 1 2 3
release lock for d.o. 3
release lock removed from lCcK queue
1 2 2 1

rollbacK.cm is removing cn"s for rollback
creating a temp version for:
11224

conflict is detectea at 4
const prec rel at d,o, 4
conflict history constructed at 4
creating a temp version for:
122 11

conflict is detected at 1
const prec rel at d.o, 1
conflict history constructed at
tne value of "s" was set to : 1
locking data obJ 2
mark.temp.ver marking :
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1 2 2 1 1
tme value of "s" was set to : 2
entering this aa in tne lock queue

1 3 1 3
checkinq deadlock for aa
1313

conflict is detecteo at 1
conflict history constructed at
locking data ObJ 3
release lock removed from locK queue :
13 13

rollbacK.cn is removing ch"s for rolloack
marK.temopver marking :

1 1 2 2 4
creating a temp version for:
1 3 1 3 1

conflict is detected at I
const prec re. at a.o. 1
conflict history constructed at
creating a temp version ±or:
11 122

contlict Is detected at 2
const prec rel at a.o. 2
conflict nistory constructed at 2
the value of "s" was set to : 2
release lock for d.o. 4
detect non sr aetected non sr
cycle Is 2
1121 1312
1311 1411

restore.sr is restoring sr
entering aetermine.rolloack
rolling back atomic action :
14 1 1

roilbacK.ch Is removing cn"s tor rolltack
rollinq tack temp version :
1411

rolling back atomic action
1311

rollbacKcnC Is removing cn"s for rollback
rolling tack temp version :
1 3 1 1

rolling baCK atomic action :*. 1412

rollbacK.cn Is removing ch"s for rollvack
rolling tack temp version
14 12

rolling oack atomic action
1122

* rollbacK.ch Is removing cM"s for rolloack
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attempt to rolbacK an aa,tv that was not there
1 1 2 2 4

rolling back atomic action *
1312

rolloacK.cn is removing cn"s tor rolloacK
rolling back temp version :
1312

release lock for d~o. 1
rolling back atomic action :
1313

rollbacK.ch is removing cn"s for rollbacK
rolling back temp version :
1313

locking aata obI 4
the value of "s" was set to : !
creating a temp version for:
14114

no conflict Is detected at 4
marK-temp-ver marking :

1 4 1 1 4
mark.temp.ver marking :

1 1 1 2 2
release lock for d~o, 4
lOCKing data ooj 4
entering this aa in the lock queue

1 3 1 1
checking deaclocK for aa :
1311

conflict is detected at 4
conflict history constructed at 4
entering this aa In the lock queue

1 4 1 2
checking deadlocK for aa :
1412

conflict is detected at 3
conflict history constructed at 3
creating a temp version for:
12123

conflict is aetected ac 3
const Prec rel at doo. 3
conflict history constructed at .
creating a temp version for:
11224

conflict is detected at 4
const prec rel at a.o. 4
conflict history constructed at 4
release lock for d.o. 2
the value of "s" was set to : 1
entering this aa in the lOCK queue

1 2 2 2
checking deadlOCK for aa
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1222
conflict is detected at 4
conflict history constructed at 4
detect non sr detected non sr
Cycle is :1111 1221
1211 1112
1311 1222

restore.sr is restoring sr
entering determine.rollback
detect non sr detected non sr
cycle Is :
1111 1221
1211 1112

rolling oacK atomic action :
1222

rollbackch is removing cn"s for rollback
rollbackaa is removing aa from lock q :

1 2 2 2
rolloac.cn is removing cn"s for rollbacK
attempt to rolbacK an aa,tv that was not there

1 2 2 2 4
rolling back atomic action :
1311

rollbacK.ch is removing ch"s for rolloacK
rollbacK.aa is removing aa from lock q :

1 3 1 1
rollbacK.ch is removing cn"s for rolleacK
attempt to roloack an aa,tv that was not there

1 3 1 1 4
rolling back atomic action :
1 2 2 1

rollbacK.cn is removing cn"s for rollback
rolling back temp version :
122 1

rolling oacK atomic action :
liii

rollback.ch is removing cn"s for rollbacK
rolling back temp version
1111

rolling oack atomic action :
1112

rollback.ch is removing cn"s for rollback
rolling oack temp version :

locking data ooJ I
marK.temp.ver marKing :

1 1 2 2 4the value of "s" was set to :
entering this aa in the lock Queue
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checking deadlock for aa :
1111

no confzict is detected at 1
release lock for d.o, 4
locking data ooJ 4
marK.temp.ver marking :

1 2 1 2 3
release lock removed from locK queue :
1412

rolLbacK.ch Is removing ch"s for rollback
creating a temp version for:
131 1 4

conflict is detected at 4
const prec rel at ao. 4
contlict history constructed at 4
creating a temp version for:
14123

conflict Is detected at 3
const prec rel at d.o. 3
conflict history constructed at 3
the value of "s" was set to 3 2
creating a temp version for:
12211

no conflict is detected at 1
marK.temp.ver marking :

1 4 1 2 3
release lock for d.c. 3
detect non sr detected non sr
cycle is :
1121 1212
1212 1412
1411 1122

restore.sr is restoring sr
entering determine.roll ack
rolling Oack atomic action
1212

rollbac.cn is removing cn"s tor rolloacK
rolling DacK temp version
1212

rolling back atomic action
1 12 1

rollbacK.ch is removing ch"s for rollbdcK
rolling back temp version i
1121

rolling bacK atomic action :
1412

rollbacK.ch is removing ch"s for rollbaCK
attempt to rolbacK an aatv that was not there

1 4 1 2 3
rolling back atomic action :
1122
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rollback.ch is removing cm"s for rolloack
rolling back terp version 3
1122

release lock for d~o, 4
rolling bacK atomic action 3
1311

rollbacK.ch is removing ch"s for rollback
attempt to rolbacK an aa,tv that was not there

1 .3 1 1 4
locking data ooj 3
marK.temp.ver marKing :

1 2 2 1 1
locking data obj 4
entering this aa in the lock queue

1 4 1 2
enecKinq deaclocK for aa
1 41 2

no conflict is detected at 3
creating a temp version for:
13 1 14

conflict is detected at
const Prec tel at doO 4
conflict history constructed at 4
the value of "s" was set to : 1
marK.temp.ver marKing :

1 3 1 1 4
release lock for d,o, 4
enterinq this aa in the locx queue

1 1 2 1
checKing deadlock for aa :
1121

conflict Is detected at 3
conflict history constructed at 3
release lock removed from lock queue :
1111

rollbac.ch is removing ch"s for rollbacK
creating a temp version for:
12123

no conflict is detected at 3
creating a temp version for:
11111

conflict is detected at 1
const prec rel at d,o, 1
conflict history constructea at
entering this aa in the lock queue

1 3 1 2
cneckinq deadlock for aa :
1312

conflict is detected at 3
conflict history constructed at 3
tne value of 's" was set to : 0
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marK.temp.ver marking:
1 2 1 2 3

* release lock removea trom lock queue

ro11DdCK.Cn is removing cn"s zor rollacK
creating a temp version for:
14123

Conflict is detected at
const prec rel at d.o. 3
conflict history constructed at
the value of "s" mas set to : 1
mark-.temp.ver mariing z

1 4 1 2 3
release locK removed from lock cueue :
1 12 1

rolloacK.cn Is removing ch"s for rollbacK
locking data obj 4
creating a temp version for:
11213

Conflict is detected at 3
const prec rel at d,o. 3
conflict nistory constructed at 3
the value of "s" was set to 2
creating a temp version for:
12224

conflict is detected at 4
const prec rel at d.o. 4

conflict history constructed at
tne value of "s" was set to : 2
mark.temp.ver marking :

-. 1 1 1 1 1

release lock for d.o. 1
marK.temo.ver marking :

1 1 2 1 3
locKing data ooj 2
marK.temp.ver marking

1 2 2 2 4
release lock removeo from lock queue :
1312

rollback.cn is removing cn"s for rolitacK
release lock for d.o. 4
detect non sr detected non sr
cycle is

1 2 1 2 1 4 1 2
13 1 1 1 2 2 2
1411 1311

restore.sr is restoring sr
entering determine.rollback
rolling oack atomic action :

rollbaK.ch is removing ch"s for rollbacK
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rolling back temp version
1412

rolling oacK atomic action :
1212

rollbac.cn is removinq ch"s for rollbacK
rolling oacK temp version :
1212

rolling bacK atomic action :
1 1 2 1

rollbacK-cn Is removing cn"s for rollback
attempt to rolDacK an aa$tv that was not there

1 1 2 1 3
creatinq a temp version for:
11122

conflict Is aetected at 2
corst prec rel at a.o. 2
conflict history constructed at 2
tne value of "s" #as set to 1
creating a temp version for:

31 23
no conflict Is detecteo at 3
entering this aa In the lock queue

1 4 1 2
cnecking deaclocK for aa :
1412

conflict is detected at 3
conflict history constructea at 3
detect non sr detected non sr
cycle is :
1312 1412
1 4 1 1 1 3 1 1

restore.sr is restoring sr
enterinq determine.rollback
rolling back atomic action :
1412

rollbacK.cn Is removing cn"s for rollbacK
rolldCK.aa Is removinq aa from lock q :

1 4 1 2
rollbacK.ch is removing ch"s for rollback
attempt to rolbacK an aa,tv that was not there

1 4 1 2 3
release lock for d.o. 3
rolling back atomic action :
1312

rollbac.ch is removing ch"s for rollbaCK
rolling back temp version :

locKing data obJ 3
creating a temp version for:
14123

no conflict Is detecteo at 3
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marK.temp.ver marking :
1 4 1 2 3

marK.tempover marKing
1 1 1 2 2

release lock for a.o.
release locK for do, 3
committing transaction . >4
rollback.ch is removing cn"s for commit
tne value of "s" was set to : 1
release lock for d.o. 4
rollbaCKOn Is removing cm"s for comnit.
tne value of "s" was set to : 0
release lock for aso, 3
locking aata ooj 3
entering this aa in the locK aueue

1 3 1 2
cnecking deadlock for aa :
1 31 2

no conflict is detected at 3
creating a temp version for:
12123

no conflict is detected at 3
entering tnis aa in tne locK queue

1 1 2 1
checking deaolocK for da
1121

conflict is detected at 3
conflict history constructed at 3
marK.temp.ver marKing :

1 2 1 2 3
release lock removed from lock aueue :
1312

rollbacKch Is removing ch"s for rollbacK
creating a temp version for:
1 3 1 2 3

conflict Is detected at 3
const prec rel at a.o. 3
conflict history constructed at 3
tne value of "s" was set to : 1
mark.temp.ver marking :

1 3 1 2 3
release lock removed from locK Queue :
1 12 1

rollbacK.cn is removing ch"s for rollback

locking data obI 1
creating a temp version for:
1 12 13

conflict Is detected at 3
const prec rel at d.o. 3
conflict history constructed at .
the value of 's" was set to 3 2
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creating a temp version for:
13131

conflict is detected at 1
const prec rel at d.o.
conflict history constructed at
the value of "s" was set to : 1
mark.temp.ver mar'ing :

1 3 1 3 1

release lock for d.o.
detect non sr aetected non sr
cycle is :
1111 1313
1221 1111

1311 1222
restore.sr is restoring sr
entering determine.rollback
rolling oack atomic action
1111

rollbac.cn is removinq cn"s for rollbacK
rolling back temp version :
1 1 1 1

rolling back atomic action :
1221

rollbacK.Ch is removinQ cn"s for ro~laCK
rolling back temp version :
12 2 1

rolling DaCK atomic action :
1112

rolloack.ch Is removing cn"s tor rollack
rolling oack temp version ;
1112

rolling back atomic action
131I3

rollDaCK.Cn Is removing cn"s for rolloacK
attempt to rolback an aatv tnat was not there

1 3 1 3 1
rolling back atomic action :
1222

rollbacK.cn is removing cn"s for rolloacK
rolling back temp version
1222

locking data obI 1
marK.temp.ver marking :

1 1 2 1 3
entering this aa In the locK aueue

1 3 1 3
cnecKing aeaclocK for aa :

L- 1313

no conflict is detected at I
release lock tor d.o. 3
creating a temp version for:
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no conflict is detected at
marK.temo..ver marking :

-- 1 1 1 1 1

lOCKIng data obJ 4
release lock removed from locK queue :
1313

roilbacK.ch is removing ch"s tor rolibacK
creating a temp version for:

• 13131

conflict Is oetected at I
const prec rel at d.o.
conflict nistory constructed at
entering tnis aa in the lock cQeue

1 2 2 1
cnecking deaclocK for aa :
1221

conflict is detected at 1
conflict history constructed at
detect non sr detected non sr
cycle L3 ;
1212 1312
1313 1221

restore.sr is restoring sr
entering determine.rolloacK
rolling baCK atomic action

* 1221

rollOaCK.Cb Is removing ch"s tor rolibacK
rolloac.aa Is removing aa trom lock o

1 2 2 1
rollaCK.Ch is removing ctV's tor rolibaCK
attempt to rolbaCK an aatv that was not tnere

1 2 2 1 1
release lock for d.o.
rolling back atomic action :

_ollback.cP Is removing cn"s for rollbacK
rolling OacK temp version :

"- 1313

restore.sr is restoring sr
rolling oack atomic action :
1221

rollback.cn is removing cn"s for rollbacK
0 attempt to rolbacK an aaptv that was not tnere

1 2 2 1 1
rolling back atomic action :

.. 1313

rollbacK.cn Is removinq cn"s for rollback
attempt to roloacK an aatv that was not tnere

1 3 1 3 1
LOCKing data obj 1
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creating a temp version for:
12211

conflict is detected at 1
const prec rel at 0oo. 

conflict history constructeo at
creating a temp version for:
11224

conflict is detectec at 4
const prec rel at d,o, 4
conflict history constructed at
tne value of "s" was set to : 1
the value of "s" was set to : I
locking data ooj 2
entering tnis aa in tne lock queue

1 3 1 3
checking aeadlOCK for aa
1313

conflict is detectea at 1
contlict history constructeo at
mark.temp.ver marking :

1 1 2 2 4

release lock for aoo, 4
marK-temp.ver marKlng

1 2 2 1 1
release lock removea trom lock Queue

rollback-c Is removing cn"s tor roli.dck
creating a temp version for:

13131
conflict is aetecteo at I
const Prec rel at coo,
conflict history constructed at
tne value of "s" was set to : 2
marx.temp.ver marking :

1 3 1 3 1
creating a temp version for:
1 1 12 2

conflict is oetectea at 2
const prec rel at .0.6 2
conflict history constructea at 2
release lock for a.o. 1
aetect non sr detected non sr
cycle is 3
1111 1221
1212 1121

restore.sr is restoring sr
entering determine.rolloacK
rolling back atomic action :
1221

rolit4CK.Cn Is removlnq cn"s for rollback
rolling DaC" temp version
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1221

rolling back atomic action 3

rollback.cn Is removing cn"s tor rollbdcK
rolling oack temp version :

- 1111

release lock for d.o. 2
rolling back atomic action :
1112

rollback.,cn Is removing cn"s for rollback
roiling oack temp version :
1112

rolling back atomic action :
1 31 3

rollbacK.ch is removing cn"s for rollback
attempt to rolback an aa,tv that was not tnere

locking data obj 1
creating a temp version for:
12211

no conflict Is detected at 1
marKtemp.ver marking 3

1 2 2 1 1
entering this aa in the lock Queue

1 3 1 3
cnecking deadlocK tor aa :
1313

conflict is detected at 1
conflict history constructed at
release locK removed from lock queue :
1313

rollback.cn is removing cn"s for rollback
lOCKing data ooj 4
creatinq a temp version for:
1 3 1 1

conflict is detected at 1
const prec rel at d.o,
conflict history constructed at
the value of "s" was set to : 0
creating a temp version for:
12224

conflict is detected at 4
const prec rel at o.o. 4
conflict history constructed at 4
marK.temp.ver marKlng :

1 .3 1 3 1

release lock for d.o. I
the value of "s" was set to 3 2
detect non sr aetected non sr
cycle is :
1122 12k2
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12 1 2 13 12
1 3 1 1 1 12 2

restore.sr is restoring sr
entering determine.rolloacK
rolling oack atomic action :
1 312

rollback.ch is removing ch"s for rollbacK
rolling back temp version
13 12

rolling back atomic action :
1212

rollbacK.cn is removing ch"s for rollbacK
rolling oack temp version
12 12

rolling oacK atomic action :

rolloacK.ch is removing cn"s tcr roliodcK
rolling back temp version :
1 3 1 3

rolling oack atomic action :
1 1 2 1

rollback.ch is removinq cn"s for rol!DacK
attempt to rolbacK an aatv that was not there

1 1 2 1 3
rolling oack atomic action
1122

rollbacK.cM is removing cn"s for rollbacK
rolling oack temp version :
1122

release lock for d.o. 4
rolling tacK atomic action :
1222

rollDack-ch is removing cn"s for rollbacK
attempt to rolback an aa,tv that was not there

1 2 2 2 4
locKing data obj 3
creating a temp version for:
13123

no conflict is detected at 3
mark-temp.ver marKinq :

1 3 1 2 3
release locK for d,o. 3
locKing data obi 4
locKIng 3ata ooj 3
locKing data ooj I
creating a temp version for:
1 3 1 3 1

conflict is detected at I
const prec rel at d.o. 1
conflict nistory constructed at
the value of 'Is" was set to : 0
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marK.temp.ver marking
1 3 1 3 1

release lock for do. 1
" entering this aa in the lock queue

1 2 1 2
checking deadlock tor aa
1212

' conflict is detected at 3
conflict history constructed at 3
detect non sr detected non sr
cycle is :
1221 1313
1312 121

i restore.sr is restoring sr
entering determine.rolloacK
rolling back atomic action
1212

rolltack.cP Is removing cn"s for rollbacK
rolloack.aa is removing aa from lock q

1 2 1 2
rollbacK.ch is removing ch"s tor rollbacK
attempt to rolbacK an aatv that was not tnere

1 2 1 2 3
rolling cack atomic action :
1312

rollback.c is removing cn"s for rolibacK
rolling back temp version S
13 12

rolling back atomic action :
1 3 1 3

rollbacK.ch is removing cn"s for rollbacK
rolling back temp version :
13 1 3

creating a temp version for:
112 13

no -ontlict is detected at 3
creatinq a temp version for:
1 2 2 2 4

conflict is detected at 4
const prec rel at a,o, 4
conflict history constructed at 4
locking data obj I
entering this aa in the lock queue

1 3 1 2
checking deadlock for aa
1 312

conflict Is detected at 3
conflict history constructed at 3
the value of "s" was set to : 1
mark.temp.ver marking :

1 1 2 1 3
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release lock removed from lock queue :

V 1 3 1 2
rollbacK.cn is removing ch"S for rollback
creating a temp version for:
13123

conflict is aetected at 3
const prec rel at ao. 3
conflict nistory constructed at
the value of "s" was set to
mark.temp.ver marking :

1 3 1 2 3
release IOCK for d.o. 3
marK.temp.ver marKing :

1 2 2 2 4
locKing data otJ 3
creating a temp version tor:

conflict is aetected at 1
const prec rel at d~o,
conflict nistory constructed at
release lock for doo. 4
entering this aa in the lock queue

1 3 1 3
cnecKing deadlOCK for aa
131 3

conflict is detected at 1
conflict history constructed at
the value of "s" was set to :
marK.tetnover marKinq :

1 1 1 1 1

locKing data ool 4
creating a temp version for:
11224

conflict is detected at 4
const prec rel at ao.
conflict history constructed at 4
t1he value of 's" was set to : 2
creating a temp version for:
12 123

conflict is detected at 3
const prec rel at d.o. 3
conflict nistory constructed at 3
mark.temp.ver marking

1 2 2 4
release Lock removed from lock queue :

rolloacK.cn is removing cn"s for rolloack
creating a temp version for:
13 31

conflict is detected at 1
const prec rel at d.o.
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* conflict history constructea at
the value of "s" was set to : 1
the value of "s" was set to : 2
mark.temp.ver marKing

1 3 1 3 1
release locK for d.o. 1
detect non sr detected non sr
cycle is :
1121 131
1221 1111

restore.sr is restoring sr
entering determine.rolloack
rolling oacK atomic action :
1111

rollbacK.cn is removing ch"s for rolJbacK
* rolling zaCK temp version:

rolLing bacK atomic action :
" 1221

rollbacK.ch is removing cn"s for rollback
rolling oaCK temp version :
1221

rolling oack atomic action
13123

rollbacx.cn is removing cn"s tor rolloacK
attempt to rolback an aatv that was not tnere

1 4 1 3 1
rolling back atomic action :
1222

rollbacK.cM is removing ch"s for rolibacK
rolling back temp version :
1222

release lock for d.o. 4
rolling back atomic action
1122

rollbacK.cn is removing cn"s for rol~bacK
attempt to rolbacK an aa,tv that was not tnere

1 1 2 2 4
locking data obj I
mar.temp.ver marcing :

1 2 1 2 3
release lock for do, 3
entering this aa in the locK queue

1 3 1 3
checking deadLocK for aa :
1313

no conflict Is detected at 1
creating a temp version for:

* . 11111

no conflict Is detected at 1
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frark.,.temp.vet marking
1 1 1 1 1

release lock removed from lock queue :
1313

rollback.ch is removing cn"s for rollbacK
conflict is detecteo at 1
const prec rel at coo,
creating a temp version for:
13131

conflict history constructed at
locKing data obj 4
the value of "s" was set to :
mark..temp.over markinq:

1 3 1 3 1
release lock for d.o.
locking data Obj 1
creating a temp version for:
11224

conflict is detected at 4
const prec rel at .O 4
conflict history constructed at 4
locking data ooj 2
the value of "s" was set to :
marK-temp.ver marKing:

1 1 2 2 4
creating a temp version for:
11122

conflict is detected at 2
const prec rel at d.o. 2
conflict history constructed at 2
release lock for coo. 4
tne value of "s" was set to :
marK-temp-ver marking :

1 1 1 2 2
detect non sr detected non sr
cycle is :
1121 1312
1311 1122

restore.sr is restoring sr
entering determine.rolloack
rolling back atomic action :
1122

rollbacK.cn is removing cn"s for rollbacK
rolling back temp version :
1122

* rolling DaCK atomic action :
1 3 1 1

rollbacK.€.c is removing cn"s for roLibacK
rolling bacK temp version :
1 3 1 1

Pollino baCK atomic action :
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rollbacx.ch is removing ch"s for rollbacK
rolling back temp version :

rolling oacK atomic action Z
1313

rollback.ch is removing cn"s for rollback
rolling back temp version :
1313

locKlng data obJ 4
creating a temp version for:
12 2I1

conflict is detectea at 1
const prec rel at d.o,
conflict nistory constructed at
release lock for d.o. 2
the value of "s" was set to :
entering this da in tne lock queue

1 3 1 1
checking deadlock for aa :
1311

no conflict is detecteo at 4
creating a temp version for:
11224

no contlict is detected at 4
mark.temp.ver marking :

1 2 2 1 1
release LOCK for doo,
marK.temp.ver marking :

1 1 2 2 4
release lock removed from lock oueue :
1 3 1 1

rolloac.cl is removing cm"s for rollbacK
creating a temp version for:
13114

conflict is detected at 4
const prec rel at do. 4

conflict history constructea at 4
detect non sr detected non sr
cycie is :
1121 1212
121 1 112

restore.sr is restoring sr
entering determine.rollbacK
rolling back atomic action :
1112

rollback.ch is removing cn"s for rollbaCK
rolling back temo version :
1112

rolling back atomic action :
1211
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rolltacK.ch Is removing c€"s for roiliack
rolling back temp version :
1211

rolling oaCK atomic action :1212

rollbac-cn is removing cn"s for rollbacK
rolling back temp version 3
1212

locking data obj 2
the value of "s" was set to :
marK.temp.ver marKing

1 3 1 4
- release lock for 0.o. 4

lOCKing data ooj j
creating a temp version for:

conflict Is detected at
const prec rel at d.o. 3
conflict history constructeo at 3
the value of "S" was set to 3
creating a temp version for:
11122

no conflict is detected at 2
entering this aa in tne lock queue

1 2 1 1* ~checKing oeaalOCec for aa :
1211

conflict is detected at 2
conflict history constructed at
marK.temp.ver marking :

1 3 1 2 3
release lock for a.o. 3
locking data obj 1
creiting a temp version for:
1.3131

conflict is detected at 1
const prec rel at a.o.
conflict history constructed at
locking data ooj 4
tne value of "s" was set to : 2
marK.temp.ver marking :

1 1 1 2 2
marK.temp.ver marking ;

1 3 1 3 1
release lock for d.o, 1
release lock removea from lock queue :
1211

rollback.cn is removing ch"s for rollobcK
transaction I I is t(r) from glocalsr
committing transaction' ==a=>

*i rolloack.c is removing ch"s for commit
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the value of nsn was set to :
release lock for d.o, 1
rollbdacK.ch is removing ch"s for commit
t-e value of "s" was set to : 0

release lock for do.o 2

rollbaCK.Ch Is removing ch"s for commit
the value of "s" *as set to : 0

release lock for d.o. 3

rollbaCK.Cn Is removilnq ch"s for commit

tne value of "s" was set to :

release lOCK for do. 4

creating a temp version tor:
12224

conflict is detected at 4

const prec rel at d.o. 4

conf Lict history constructed at

creating a temp version for:

12112
no conflict is detected at 2

the value of "s" was set to :

marK.temp-ver marking :
1 2 1 1 2

marK.temp-ver marking *
3. 2 2 2 4

release lOCK for d.o.
detect non sr detected non sr

cycle Is :
1 221 1 3 1 3
1311 1222

restore.sr Is restoring sr

entering determilne.rolloacK
rolling back atomic action ;
1222

rollbaCK.Cn is removiln cn"s for rollbaCK
* . rolling back temp version :
"-" 1222

rolling bacK atomic action :~1311

rollbaCK.CM is removinq cn"s tor rollbacK

rolling vacK temp version :
" 1311

rolling oack atomic action :
1 3 1 2

rollbaCK.cn is removing cn"s for rollbacK
rolling acK temp version :
1312

rolling baCk atomic action :
• 1313

rollOaCK.€C is removing cn"s for rollbacK

rolling vacx temp version :
1313
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locking data ooj 4
release lock for d.O 2

locKing data ooJ 3
entering tnis aa in the lock queue

1 3 1
checking deadlock for aa :
1311

no conflict is detected at 4
creating a temp version for:
12123

no conflict is detected at 3
creating a temp version for:
12224

no conflict Is detecteo at 4
marK-temp.ver marking :

1 2 1 2 3
marK.temp.ver marking:

1 2 2 2 4
release lock for d,o, 3
release lock removed from lock queue :
1 3 1 1

rollbackcn is removing ch's for rolloack
creating a temp version for:
13114

conflict is detected at 4
const prec rel at d.o. 4
conflict nistory constructed at 4
the value of "s" was set to : 1

: transaction 1 2 is t(r) from glooal.sr
committing transaction.> 1 2
rollback.co Is removing ch"s for commit
the value of "s" was set to : 0
release lock for d,o, 2
rollbacK.ch Is removing ch"s for commit

. the value of "s" was set to : 0
release lock for do, 3
rollbac.cn is removing ch"s for commit
the value of "s" was set to : 0
release lock for a,o. 1
rollback.ch Is removing ch"s for commit
te value of "s" was set to : 0
release lock for d.o. 4
markm.temp.ver marking

1 3 1 1 4
release lock for d.o. 4
locking data obj 3
creating a temp version for:
13123

no conflict Is detected at 3
marktemp.ver marking :

1 3 1 2 3
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release lock for do. 3
locKing data oj 1
creating a temp version for:

' 13131

no conflict Is detectec at I
marK.temp..ver marking Z

1 3 1 3 1
release lock for d.o, 1
transaction 1 3 is t(r) from looai.sr
committing transaction ' . 1
rolback.ch is removing ch"s tor comlti
the value of "s" was set to : o
release locK tor d.o, 4
rollacK.ch is removing ch"s for commit
the value of "" 'was set to 0
release lock for do.o 3
rollbacK.cn is removing cn"s for comin.It
the value of Rs" was set to : -
release lock for d~o, 1
All transactions are finished !I!
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