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Abstract z 

Abstract 

Concurrency control problems in centralized Database Management Sys­
tems have been actively studied in past two decades. Various types of 
concurrency control mechanisms have been proposed and impleniented in 
practice. Among these mechanisms, Two-Phase Locking, Timestamping 
and Optimistic mechanisms have a-ttracted most attention. This thesis 
presents a survey on these three mechanisms, identifies their major prob­
lems and ways to resolve these problems. 

Despite their popularity, literatures published to date on these three 
mechanisms are mostly theoretical in nature, discussions on their imple­
mentation issues are norm.ally neglected. This thesis attempts to look into 
this aspect by investigating the use of concurrent programming techniques 
based on semaphore and monito1· in their implementations. Detailed de­
scriptions of the implemenations are given and various modifications to 
the concurrent programming techniques to improve their applicability zn 
the DBMS environment are provided too. 
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Chapter 1 

INTRODUCTION 

1.1 Importance of DBMS 

Over the last two decades, information has grown to be an essential resource in 
most organizations, such as financial institutions, military, airlines, etc. These 
organizations are very much depend on the availability and accessibility of the 
information for decision making in their daily organizational operations and man­
agement. Effective management of data resources will provide an organization a 
fast and easy access of the required information. This in turn will increase the 
efficiency and performance of an organization. With the advances in computing 
technology, these goals can be achieved by developing computer-based systems 
to manage the data resources. Such software system which manages a collec­
tion of data resources ( or database) is called Database Management System 

(DBMS). 

Database management system allows an organization to have centralized con­
trol of its data resources. This feature provides the users a fast and easy access of 
the data resources as well as the following advantages [DATE86] 

• Inconsistency can be controlled. 
• Data in the database can be shared by multiple users. 
• Database integrity can be maintained. 
• Redundancy in the database can be reduced. 
• Standards in storing data can be enforced. 
• Database security can be applied. 

Due to these advantages and the rapid growth of data resources required to 
be managed, DBMS has become a very essential tool to most organizations. Its 
reliability and trustworthness practically affect the operations and management of 
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these organizations. For instance, any data corruption in a database could mean 
thousands of dollar loss to a bank account holder or destruction of human lives by 
incorrect military fire mission. 

1.2 The need for Database Concurrency Control 

Allowing multiple users to share data resources is one of the maJor advantages 
offered by the DBMS. However, this may also result in unauthorized access of 
crucial information ( such as government confidential information) or violation of 
database integrity constraints and consistency when concurrent accesses are per­
formed. Therefore, certain mechanisms are required in a DBMS to protect the 
database from unauthorized access and prevent it from being corrupted. 

To prevent the violation of integrity constrants and preserve the consistency 
of a database, concurrent access to the database must be properly controlled. For 
example, without proper synchronization, two users may have reserved a san1e 
last seat on a flight by accessing the airline reservation database concurrently. 
Mechanisms to prevent the occurrence of such problem are so called Database 
Concurrency Control Mechanisms. Similar concurrency problems occur in 
the Operating Systems as well. In fact, the underlying concepts of most existing 
database concurrency control mechanisms are heavily based on the research done 
in the Operating Systems. 

1.3 Objectives 

Two-Phase Locking and Timestamping mechanisms are widely accepted in ex­
isting DBMSs. However, literatures published to date on these two mechanisms 
are mostly theoretical in nature, techniques in implementing them are usually 
neglected. This thesis attempts to look into the implementation aspects of these 
two mechanisms by using concurrent programming techniques based on semaphore 

and monitor. Beside these two mechanisms, Optimistic concurrency control mech­
anism which adopts an entirely different approach from the other two is briefly 
discussed. 
The objectives of this thesis are summarised as below. 
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1. Studying three maJor concurrency control �echanisms, namely Two-Phase 
Locking mechanism, Timestamping mechanism and Optimistic mechanism, 
in a centralized DBMS environment; 

2. Investigating the use of concurrent programming techniques based on sema­

phore and monitor in implementing Two-Phase Locking mechanism and 
Timestamping mechanism. 

3. Suggesting modifications to the concurrent programmmg techniques to en­
hance their applicability in the domain of database concurrency control. 

1.4 Organization 

This thesis is organized into five major chapters. 
Chapter 1 gives a brief introduction to Database Management Systems, 

presents the need for Database Concurrency Control in DBMS and outlines the 
objectives of this thesis. 

Several basic concepts, such as database consistency and integrity constraints, 
are provided in chapter 2. This chapter also presents three database concurrency 
control problems and two major approaches to avoid these problems. 

Chapter 3 surveys on three database concurrency control mechanisms, namely 
Two-Phase Locking mechanism, Timestamping mechanism and Optimistic mech­
amsm. Correctness criteria of these three mechanisms and their strategies in re­
solving the concurrency control problems are discussed. Furthermore, detailed 
discussion on various synchronization problems, such as deadlock and livelock, are 
given in this chapter too. 

Chapter 4 provides a detailed description of the use of concurrent program­
ming techniques based on semaphore and monitor in implemeting Two-Phase 
Locking and Timestamping mechanisms. Several modifications on these tech­
niques are suggested in this chapter to enhance their applicability in the domain 
of DBMS. This chapter also provides detailed algorithms for implementing the two 
mechanisms in near PASC AL format. 

In conclusion, chapter 5 summarizes the works presented in chapter 2 to 
4, discusses the concurrency control problems in distributed DBMS environment 
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and the future trend of applying other concurrent. programming techniques in the 
implementation of database concurrency control mechanisms. 



Chapter 2 

Database and Concurrency 

2.1 Transaction Processing 

Transaction Processing ( or son1etimes referred to as Tran.rnction Jvlanagement) 

is a very important activity in Databas�-Management System (DBMS). The appli-
cation of transaction processing in DBMS provides a good environment in solving 
several database system problems, in particular the problems of Concurrency 
Control. Different schemes based on this approach have been developed to re­
solve the database concurrency control problems in the past two decades. In this 
section, the fundamental concept of the transaction processing, definition of trans­
action and their application in solving concurrency control problems in DBMS will 
be discussed and examples will be given as appropriate. 

2.1.1 Database Integrity Constraints and Consistency 

Before introducing the notion of transactions and transaction processing, defini­
tions of the terms database integrity constraints and consistency are given. 

a. What is database integrity constraint ? 

Database integrity constraints are the assertions or rules that the entities1 

( or objects) in the database must not violate. This in turn will ensure correctness 

and accuracy in reflecting the real world. For example, an integrity constraint 
maintained in a next-of-kin database is "The father must be older than his cl1il-

dre11 ". Any update or insertion of information that violate this constraint will 
cause the incorrectness in the database and consequently create confusions in the 

1 Entity :- Any distinguishable object that is to be represented in the database 
{DATE86}. 

J 
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subsequent operations.  Therefore , ensuring that. the entities do  not violate the 

integrity constraints is  one of the major tasks in database systems . 

b .  What is database consistency ? 

A database is said  to be in consistent state , if all entities i n  that database satisfy 

t he i ntegrity constraints. For example, consider the t ransfer of money from one 

account to another in the banking system. If a user of the system t ransfers $ 100 

from his saving account to his cheque account , there i s  an instance between the 

two actions while the $100 is  debited from the saving account but not yet credited 

into his cheque account . The database state at this p articular instance is incon-

sistent as it violates the integrity constrai nt , namely 'the to tal amount of money 

in the system should remain const an t  as long as there is n o  m oney witJ1drawn 

from/ deposited to  the system '. Such situation may be depicted schematically by 

figure 2 . 1 .  

Consistent 
State 

chequ e = A 

s av e = B 

t ot al = N 

Inonsisten t  
State 

chequ e = A - $ 1 00 

save = B 

total = N - $ 1 00 

Consisten t  
State 

chequ e = A - $ 100 

sav e = B + $ 1 00 

total = N 

time 

Figure 2. 1 Database state transition 

In practice, this type of temporary inconsistent state transition i s  always un­

avoid able . A program that implements such an operation is considered as correct 

as long as i t  brings the database from a consistent state to another consistent 

state2 after the operation . ( See figure 2. 2 )  

2 The new database state can be identical to the state before the operation or entirely 

different. 
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1 
Action 2 

l 
Action 3 

· 1 -
Action 4 

l 

1 
A ction n 
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end 
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time 

Figm·e 2 .2  A correc t operation consists of incons istent  s tate  transitions 

B ased on this definition, execution of a correct operation in isolation guar­

antees database consistency at the end of the operation . H owever , such feature 

may not hold when several correct operations are executing simultaneously, as in  

a multi-us ers shared databas e s ys te m . If  a DBMS allows several users to execute 

their operations and simultaneously access a s ame piece of data, the database may 

get into an inconsistent state at the completion of the operations; example below 

illustrates t his  problem. 
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Example. Suppose we liave two en titjes A and B in the database and tl1e only 

in tegrity constrain t is tli at A = B .  Co11sider there are two users U l  a11d U2 

execu ting the following operations. 

U l  A := A - 1 0  ; B :=  B - 10 

U2 A := A x 10  ; B :=  B x 10  ; 

Both operations will bring tl1e database from consistent  state to co11sistent state if 

they are execu ted one after the other. However, if the t wo operatio11s are execu ted 

at the same time and interleaved in the following seq uen ce, 

U l :  A := A - 10 ; U2:A := A x_ l O_i_ U2 :B := B x 10 ; U l :B := B - 10 ; 

the  database will definitely get into in consistent  state with AiB at the comple­

tion of both operations. For instan ce, suppose the initial values of botl1 A and 

B are 1 which satisfy the in tegrity constraint A = B .  After the execu tions of both 

operations according to tl1e above seq uence, A and B b ecome -90 and O respec­

tively which obviously violates the int egrity constrain t and putting the database 

in to in consist en t  state. 

2 . 1 . 2  Transaction 

A transaction is a logical unit of work which consists of a sequence of atomic 
actions ( eg. read, write, add, etc. ) .  Each transaction when executed alone, trans­
forms a consistent state into another consistent state without necessary preserving 
consistency at all intermediate stages [ESWA 76] [DATE83] . In the other words, 
transactions are correct operations which guarantee the preservation of database 

consist ency. ( See figure 2. 3 ) .  

In a DBMS that supports transaction processing, a transaction has yet an­
other important property 

The exec ution of a transaction is either  terminat ed successfully with all 

its ac tions performed on the database committed3 or aborted without mod­

ifying the databas e state .  

3 Once an action on a database is committed , it is  guaranteed never to be undone.  
[DA TE83} 
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Transaction 

- 11 Action 1 1 -i Action 2 ! - · · · · -I Action n 1 1 -
Consistent 

State 

Figure 2. 3 A transaction 

Cons istent 
State 

time  

With this property and apptopriate synchronization, the DBMS can ensure 

the p reservati on of c onsistency while several transactions are executed simul-

taneously. 

A t ransaction may be in the form of an on-line query expressed either in 

a database query language or an application program written in programming 

language. 

2.1.3 Transac ti on Proc essing 

Since the successful implementation of the American Airline SABRE reservation 

system in early 1960's, transaction p rocessing has become a very important 

concept in both Operating Systems and DBMS. It introduced a whole new series 

of considerations into both areas and opened a new branch of Real- Time Database 

Systems4
. 

Transaction processing can be further divided into t wo tasks, namely scl1edul-

ing transactions and managing system recovery . 

a. Sc heduling c oncurrent transactions 

In multi-user database systems based on transaction processing, there is a com-

ponent called c onc urrenc y c ontroller ( or sc heduler) which responsible for 

4 Real- Time Database System are characterised by their immediate response t o  the 
external users. For example, request for money withdrawal in a banking system 
must be responded in seconds to  prevent the customers from unnecessary waiting. 
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- . 
sched uling the concurrent tra.usactions. The concurrency controller accepts trans-
actio11s from different users and schedules their atomic acti ons ( or data bas e  re­
quests) i n  a. sec1uence tl{at will preserve the database consistency at · the completion 
of the transacti ons. The ou t.put. sequence will be t.hen sent to the other module of 
the database system - data ma.11 age1· - whi ch man ages the actual database. Figure 
2.4 shows the atomi c act.i ons of a. sci. of n t. rn.nsacti ons bei ng scheduled i nto a 
serial schedule. 
Tr.:ins.1.ctior1 Ti. 

Tr,U1saction T2 

Figure 2. 4 ConcwTcncy Conlrnllcr 
(whc 1·c Tij = jth a. lomic act ion of the ith f.mn:Jaction} 

An i nappropriate sched ul ing methodology will alwa.ys create co11 curre11 cy co11-
t.rol problems and lead the database i 11to a.n i11consistent s tate. In the past  decade, 
different scheduling methodologies ( or conc1.lrrcncy control mcchanis nis ) have been 
studied and developed to supp ort the concurrency controller. S tudy of the under-

lying principles of these mct.hodol ogics and investigation of I.he use of concurren t  
progrnmmii1g t. eclwiq ues for their implementati on arc the two primary objectives 
of this thesis.  Further details of d i fferen t. types of schedulin g  mcthodologies5 will 
be given in lat.er d1ap t.ers. 

b. Managing syst em r ec overy 

Sys !.cm fail u res due Lo ex!.cr1 1 ,d fodors , s uch as p ower fai lure ,  can happe11 any time 
while large amount of transactions arc being processed in the system. Restoring 

5 In the  res t  of the thesis, the terms scheduling methodology and concurrency con trol 
mechanism will be used inlcrclw.ngcablc. 
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the database back to a consi stent state �nd startin� the transactions that have been 
aborted during the failure are two major problems the component responsible for 
system recovery has to deal with. System recovery is a very different theoretical 
and pratical problem and so will not be studied in this thesis. Reference is made 
to [GRAY78,HAE83,LORIE77,GRAY81] for more information on this topic . 

2 . 2  Concurrency Control Problen1s 

2.2.1 Introduction 

" Concurrency - the existence of several simultaneo us or 
p arallel activities." [LISTER] 

Concurrency is a naturally inherent feature of the world. At all time, each 
indi vidual human being is performing some tasks while the others are performing 
some other tasks. Some of these tasks are interdependent which have to be carried 
out one after the other and some are independent that can be done concurrently 
without worrying about what others are doing or have done. Synchronizing the 
concurrent tasks correctly by using computer has been a popular problem in the 
computing community for a long time. Intensive studies and research have been 
done and number of techniques have been proposed and implemented to resolve 
various problems arise while concurrency is involved. 

Introducing concurrency into DBMS is essential, especially in this information 
intensive era. It definitely improves the system's response time, information uti­
lization and transaction throughput. However, it introduces problems in synchro­
nizing concurrent transactions as well. Inappropriate synchronization may lead to 
the loss of updates performed by the transactions, provision of incorrect informa­
tion to the users and violation of database integrity constraints. These problems 
are so called Concurrency Control Prob lems. In order to ensure the correct 
execution of the concurrent transactions, a DBMS requires some mechanisms to 
control the occurrence of these problems. In this section, three concurrency control 
problems , which commonly occur in existing DBMSs with inappropriate ( or with­
out) concurrency control mechanism, will be discussed with examples provided. 
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2 . 2 . 2  P roblem 1 - Loss o f  Up dates_ 

S uppose a customer , say A, tries to withdraw $ 1 00 from his saving account via 
automated teller machine ( ATM) . If  at the same time, at another ATM, a joint 
account holder , say A's wife ( AH') , also tries to withdraw $200 from the same 
account. Without an appropriate concurrency control, one of these withdrawals 
may n ot be reflected in the final account 's  balance . The two transactions may be 

s_cheduled in the sequence shown in figure 2. 5 and result in an incorrect update 

on the account. 
Time 

t2 

ts 

T rm.sactio.o 1 
( A  via ATM I) 

Withdraw $900 
$100 

Update 
balance 

i 
End 

account 
balance = $1000 

balance = $900 

T nmsactio.o 2 
(AW via ATM 2) 

Update 
balance 

End 

Figure 2 .5  Concurrenl withdmwal from sam.e account  

Consider there is $ 1000 in the saving account initially. ATI\!fl reads the ac­
count balance which is $1000 from the database at time ti ; at time t2, ATM2 

reads the account balance which is  still $ 1 000 from the database; ATlvII deducts 
$100  from the $ 1000 it read and gives $ 1 00 cash to A at time t:J; at time t4 , ATM2 

deducts $200 from $1000 it read and gives AH' $200 cash; at the mean time, ATMl 

updates the new balance it calculated which is $900 to the d atabase; however this 
newly upd ated balance is overwritten by the update of $800 account balance done 
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by ATM2 at time t5. At the end of �oth t ranst:,ctions, the final b alance of the 

saving account is  $800 instead of $700.  The i ncorrect account balance is  due to 

the update of transaction 2 at time t5. In other words,  the update done by trans­

action 1 at time t4 is  lost .  This problem is  called Lost Up date Problem or 

write-write conflict . 

2 .2 .3 Problem 2 : Reading of P hantom Object 

Consider the example of the automatic banking system again.  Suppose A t ries to 

withdraw $ 1 00 from his  saving account via ATMl , but bei ng rejected due to the 

lack of available cash at ATMl . Also assume that at the same time , his wife AW 

tries to withdraw $200 from the same account via ATM2. One of the following two 

undesirable consequences may arise if the database system does not equip with a 

concurrency control mechanism. 

Consequence 1 : AW may not he able to withdraw lier $200 even though there 

is sufli.cient fund in her account .  

Suppose there is $200 in the saving account and the two transactions ini tiated 

by A and AW are scl1eduled in the sequences shown in figure 2. 6 .  

Fort unately, the depicted undesirable consequ en ce will not  bring the account 

into inconsistent  state. This is because tl1e roll back operation after the abortion 

of the transaction 1 will bring the account balance back to tl1e balance before 

transaction 1 is executed. In the other words, AW will be able to withdraw her 

$ 200 from the account if she tries again . However, the delay caused to AW and 

otl1er people who are waiting for AW to finish h er transaction can be avoided if a 

concurrency control mechanism is available. 

Consequence 2 : Incorrect balance is updated. 

Suppose there is $ 1 000 in tl1e saving account  and tl1e transaction initiated by 

A and AW are scheduled in the sequence depicted in figure 2 .  7 .  

A s  shown in figure 2. 7 ,  instead of $800,  $ 700 is being updated as the final 

account balance even tl10ugh only $200 lrns been withdrawn. Obviously, this 

undesirable consequence is more severe than tl1e previous one. 



Time 

tJ 

ts 

Traruiaction l 
( A viA ATM l) 

Withdraw 
$100 

Update 
bale.nee 

Aborted 
( due to insufficient 

fund at 
ATM 1) 

Roll -back 

Chapter  2: Databas e and Concurrency 14 

&C:COUD.t 

b a1Jl.o.cc = $200 

I balance = $ 1 00  

Transaction 2 
(AW via ATM 2) 

tnuu action 
termirulted due co 
i.nsuffident fund 

in IICCOun.t 

Fig ll1'C 2. 6 Reading of Phantom, O bjec t  - consequence 1 

Both undesirable situati ons described above are caused by reading the un-

cornmited update made by transaction 1. The uncommited updated data object 

which later being undone is  called p hantom object  - object that does not actu-

ally exist .  Reading of phantom object is  sometimes referred to as dirty reading 

or wite-read conflict. 

2 . 2 . 4  Problem 3 : Inconsistent Retrieval 

This problem is probably not as serious as the last two problems, but is still 

considered as undesirable and unnecessary. S uppose A i s  t ransferring $500 from 

his saving account to his cheque a.ccount. via. ATMl and his wife AvV i s  checking 

the total balance of their accounts via AT!VI2 simultaneously. AW may obtain an 

incorrect total balance if t.h c  two transactions are being scheduled as shown in 

figure 2. 8 .  
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Tnmaction 1 
( A via ATMl)  

Read 
ba!a.ace 

Withdraw 
$100 

Update 
balA.ace 

fund at ATM I) 

account 
balance = $ 1000 

b alA.nce  = $900 

( d•,:l- J 
! - Add $100 

Roll -back bad::. to I $1000 I 

v- � 

Trans action 2 
(AW via ATM 2) 

$900 Read 
.___� ..... balance 

,-----'---, Wirhdraw 
$700 $200 

Update 
balance 

Figure 2. 7 Reading of Phantom Object - cons equence 2 

At the completion of both tran sactions, transactions 1 is  successfull y  term.i­
nated l eaving the database in a consistent state; but transaction 2 is termi nated 
with incorrect total balance returned to AW. The problem with the schedule is 
that transaction 1 is allowed to update the accounts' balances and change the 
database state while transaction 2 is reading the accounts' balances. As shown 
in figure 2. 8 ,  transaction 2 read the saving account 's  bal ance at time t2 and read 
the cheque account's balance aft.er t.ransaction 1 has terminated with all updates 
com.mit t. eel at time t8. In other words, transaction 2 has accessed the database in 
two different database st.ates. Even though b oth database states are consistent ,  
they are inconsistent. with respect. to  each ot.h er. Therefore, accessing data in two 
different database states leads to the inconsistent retrieval. Such problem is  call ed 
inc onsistent retrieval or read-write c onflict.  

2 .2.5 Remarks 

The three concurrency control problems described in the last few subsections can 
b e  expressed as a transaction conflict matrix as shown in figure 2. 9 .  We assume 



Time Transaction 1 
( A ru ATM l) 

t1 R� S - $1000 

:�e'--�-.J 

tJ 

ts 

t7 

Subtract 
$500 

Read 

IS a $500 

Updat.e 
saving 
ba.l C<! 

cbeqoe C =-$1000. 
ba.la.ae<e 

Add 
$500 C - $1500 

Upd1te 
ch cqoc 
accouat 

Ead 
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s - $ 1 000  
C,. $ 1 000  

I s = $500 c - $ 1 000  

S - $500 
C =  $ 1 500 

Trmuactioa 2 
(AW via ATh{ 2) 

�_.._-� R....d 
S = $1000 .savi.ag 

= - $2500 

End 

ba.la.ae<e 

Read 
cbeqoe 
ba.la.ac:.e 

Figure 2 . 8  Inconsistent Retrieval  

that transaction 1 has i t.s  <lat.abase action executed on an object before transaction 

2 does on the same object. 

As illustrated in the confli ct matrix, there are four possible combinations of 

database actions on a same object fro111 t.wo transactions, which are read- read , 

read-write , wrile -read and write -w1·ite . Beside  the combination of 1·ead-read , the 

rest correspond to the three si tuations where three concurrency control problems 

could occur. There is  11 0 conll i c t. between two transact. ions wi th read accesses 011 

a same object, since read access will never change the database state. 

Note that the occurrence of the three concurrency control problems are ei ther 
UNIVERSITY OF WAIKATO LIBRA.RY 
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Write 

Conflict 
( problem 3) 

Conflict 
(problem 1) 

Figure 2. 9 Transaction Conflict Matrix 

due to  accessmg database while_ the database state i s  changing or putting the 

database into i nconsistent state at the completion of the t ransactions.  Based on 

these observations, the following conclusion is derived .  

"No conflict will occur between t wo simultaneously executing 

transactions as long as tl1 ere is no writ e  access on an object from 

one transaction an d a read/write access on the same object from 

another transaction ." 

In the other words , 

"A conflict exists between t wo simult aneously execu ting trans­

actions if botl1 transactions access a sam e  object and at least 

one of these accesses is a write access." 

2 . 3  Correctness 

A transaction is considered as correct since it preserves the database consistency at 

the completion of its execution.  However, such correctness cannot be guaranteed 

when more than one transactions are concurrently executing in a shared database 

system. Different types of problem as the three problems mentioned earlier may 

arise and put the database into an inconsistent state or give the users an incon­

sistent view. Therefore, the major task of a concurrency control mechanism is to 

schedule the atomic actions of the transactions submitted to the database system 

in a sequence that it will preserve the database consistency and provide the users 

a consistence view. 
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Basically, two approaches arc available t.o ensure the correctness of a schedule. 

T hese are ( i) sy1 1 tactic approach and ( ii) seman tic  approach. 

2.3 . l  S yntactic Appr oach - Serializati o n  Appr oach 

Syntactic approach requires only the syntactic information 6 about the transac-

t ions to ensure the correctness of the schedule. By using the synt.actic information ,  

a correct schedule can be produced such that. the final effect of its execution on the 

database is equivalent t.o exccut.i11g _a s<::�1uence of transact ions one after the other.  

Executing a set of transactions one after another always preserves the database 

con sist.ency at the encl of the execution, since each transaction executing alone al-

ways preserves database consistency ( see Jigttre 2. 1 0 ) . D ue to this property, such 

approach is also called Serializati on Approach. 

consistent consistent consistent co=ent 
Q

co� 
stale �EJ state � � • • • • • • • •  -----�� .. 

Figu1'e 2 . 1 0  Serial Exec ution of Tmnsactions 

8 Such as the 01·der of the atomic actions in each transaction, names of the objects 
accessed by the transactions and types of access ( read or write) . 
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Based on this approach, the schedules prod�ced will preserve the database 
consistency but not necessary provide a consistent v iew ( see example given in 

s ection 2 . 2. 4  ) .  Due to this reason, the correctness criteria of the serialization 
approach is in fact based on a more restricted class of definition - conflict seri­

alization.  

A schedule is  considered as conflict serializable 7 , if 

i. it is equivalent to a serial schedule; 

an d 

ii .  all pairs of conflicting dat ?,ba�� accesses are s cl1eduled in the same 

order as in the corresponding serial scl1edule; 

( where two database accesses are conflicting if they are accessing a same 

objec t and at least one of them is a write access8 . )  

The following example shows how a conflict can arise in a serializable schedule. 
Example . Consider the two transactions given in section 2.2.4. 

Tl Read( S)  T2 Read(S )  

S := S - 500 Read( C )  

Write (S)  Sum : =  S + C 

Read( C)  End 

C := C + 500 

Write (  C)  

End 

where S and C are the saving and cheque accounts ' balances respectively; 

The schedule given in the same section is, 

Sl Tl : Read( S) 

T2: Read( S) 

Tl : S := S - 500 

Tl : Write (S)  

7 In the  rest of the thesis, all serializable schedules are considered as  conflict 
serializable. 

8 A similar definition as conflict transactions given in subsection 2 .2 .5, but at  the level 
of transaction step. 



Tl : 

Tl : 

Tl : 

T2: 

T2: 

Read( C )  

C := C + 500 

Write ( C )  

Read( C)  

Sum := S + C 
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which is  equivalent to a serial schedule S = T2Tl 9 as both S an d Sl terminated 

with a same consistent database state. Nevertl1eless, Sl is not conflict serializable 

since the conflicting database accesses Tl : Write (  C )  an d T2:Read( C) i11 Sl are 

not  scheduled in the same order �s �11 S .  By reversing tl1e order of Tl : Write( C )  

an d T2:Read( C )  in  the schedule Sl , we will get a new schedule 52 whicl1 i s  conflict 

serializable. 

52 Tl : Read( S)  

T2: Read( S)  

Tl : S := S - 500 

Tl : Write ( S )  

Tl : Read( C )  

Tl : C := C + 500 

T2: Read( C )  

Tl : Write( C )  

T2: Sum := S + C' 

We may apply this new scl1edule to the example provided in section 2.2.4 and 

fin d that it preserves the database consistency an d returns a correct total balance 

- $2000 - to AW. 

One major advantage of the serialization approach is its generality . This 

approach can be applied into any application domain without any modification 

because it does not require any semanti c  information about the transactions in-

volved nor the integrity constraints imposed on that domain. In the other words, 

i t  is application independent . However, as pointed out by Kung and Papadimitriou 

9 In fact, Sl is equivalent to serial schedule Tl T2 too, but only T2Tl is considered 
here to avoid the confusion when conflict serializability is introduced later in the 
example. 
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in [KUNG 79] , the correctness criteria o! serializati_on approach is weaker than that 

of semantic approach, which means that the set of correct schedules( SR) produced 

by the concurrency controllers based on serialization approach is smaller than the 

set of correct schedules (SM) produced by the concurrency controllers based on 

semantic approach, ie. SR C SM. 

Two-Phase Locking, Timestamping and Optimistic approaches are all consid­

ered as serialization approach. 

2 .3 .2  Semantic Approach - Nonse:c:ialization Approach 

As indicated by Kung and Papadimitriou[KUNG79] , 

" The more information available to the schedulers, the 'better ' 

schedttling results may be expected." 

This statement is especially true when semantic information about the trans­

actions and the integrity constraints are available prior to the scheduling. Kung 

and Papadimitriou also showed that an approach using semantic information and 

integrity constraints has a stronger correctness criterion than that of the serializa­

tion approach. This is because the former recognizes serializable schedules as well 

as schedules that are correct but not serializable. Due to this feature, semantic 

approach is also called Non-serialization Approach . 

Now, the problem is how does the semantic information can be utilized to 

ensure the correctness of a schedule. If  the semantic information about the trans­

actions and integrity constraints is available , this problem is rather similar to 

parallel program verification, since the schedule has to be verified to preserve an 

invariant, namely the database consistency. 

Several approaches [ASH75,KELLER76,WOLF85] have been suggested to 

verify the correctness and properties of parallel programs by using assertions. 

These approaches are mainly based on the idea proposed by Robert W. Floyd 

[FLOYD67] : 
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" an association of a proposition with each connection in the 

flow of control through a program., where the propos ition is as­

s erted to hold whenever that  connection is taken. To prevent an 

interpretation from being chosen arbitrarily, a condition is im­

posed on each command of the program. This condition guaran­

tees that whenever a command is reached by way of a connection 

whose associated propos ition will be true at that t ime.  Then by 

induction on the number of commands executed, one s ees that if 

a program is entered by. a �onnection whose  associated propos i­

tion is then true, it will be left by a connection whos e  assoc iated 

propos ition will be true at that time. By this means, we may 

prove certain properties of programs, pa1'ticularly properties of 

the form : 

"If the initial valttes of the program variab les satisfy the 

re lation Rl, the final values on completion will satisfy 

the relation R2. " 

" 

In the context of DBMS,  a schedule can be thought as a parallel program, 
each transaction participated in that schedule can be treated as a serial program 
i n  the parallel program, and the propositions associated with the connections are 
the i ntegri ty constraints. Therefore, the following property can also be proved, 

"If the initial database state is cons is tent, the database s tate at 

the completion of the schedule will be consis tent." 

which is in fact the preservation of database consistency. Based on this same idea, 
Lamport proposed the following scheduling policy in [LAMP76] : 

" . . .  the request to execute one step in a transaction is granted 

only if the execution will not invalidate any of the ass ertions 

attached to thos e a1·cs where the tokens of other transactions 

res ide at that time ."  

2 2  
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Lamport represented a transactio� as a flow�hart of atomic actions and the 

execution of the transaction as a token flowing through the flowchart. By following 

the above scheduling policy, the arrival of a token at the output arc of the flowchart 

denoted a successful termination of the corresponding transaction without violat­

ing any integrity constraint. If all participating transactions are executed in this 

way, the database consistency will be preserved and the correctness of the schedule 

is ensured. 

Another interesting approach to verify the properties of a parallel program 

was suggested by Wolfgang[WOLF85] . He showed that the properties of a parallel 

program represented by a Predicate/Transition net (P /T net) can be verified by 

the 5-invariant of that net. If one can model a set of application programs accessing 

the database as a P /T net, the integrity constraints imposed on the database can 

also be verified by using the 5-invariant of that net. As long as all the integrity 

constraints are verified, database is guaranteed to be in a consistent state at the 

termination of each transaction. 

Generally, a concurrency controller based on semantic approach consists of 

a set of application programs where an instantiation of each program's execution 

corresponds to a transaction. It synchronizes the concurrent transactions based 

on the knowledge of the integrity constraints and semantic information about the 

transactions and thus produce a correct schedule. A transaction is normally acti­

vated by the arrival of the users' requests. For example, based on the scheduling 

policies proposed by Lamport and Wolfgang, a transaction is activated by the ar­

rival of a " request token" from the users. A database access is permitted only when 

at least one ( or more depends on the weight of the arc in the case of Wolfgang's 

approach) token is available on each input arc associated with this access. 

Despite its stronger correctness criteria, semantic approach is not commonly 

used to implement the concurrency controller in DBMS due to the following dis­

advantages 
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1 .  Substantial amount of time wil l  be_ needed to  prove the assertions; this length­
ens the transaction's execution time which in turn reduces the response time 
and the transaction throughput. 

2. It is application dependent. Hence, concurrency controller based on the se­
mantic approach can only be used in the application area where the semantic 
information about the transaction as well as integrity constraints imposed on 
that application domain are known to the controller. In the other words, 
concurrency controller has to be reorganized to remove the old set of seman­
tic information and introduce a new set of information each time when it 1s 
applied to a different application domain. 

3. U sually, semantic information about the transactions as well as integrity con­
straints are not always available to the designer of the concurrency controller. 

Therefore, syntactic approach 1s widely preferred m existing commercially 
available DBMSs. 
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Mechanisn:is for Concurrency Control 

3 .1 Introduction 

In the last two decades , number of concurrency control mechanisms have been pro­

posed . Some of these have been· i mplemented in existing commercially available 

D B MSs.  The majority of these mechanisms use syntactic  approach rather than 

semantic approach due to the undesirable features of the latter as earlier men­

tioned ( s ee s ec tion 2. 3. 2 ) . In this chapter, three mechanisms which are commonly 

adopted to i mplement the concurrency controllers are intro duced and studied in 

detail .  The t hree mechanisms are : 

• T wo Phase Lo eking 

• T imestamping 

• Optimistic mechanism 

Generally, a concurrency control mechanism based on syntactic approach has 

the basic structure shown in figure 3 . 1 . Upon receiving a request to access an 

object in the database from a user ,  the controller will schedule this request by 

checking it against other previous requests on the same object . The request will 

be t hen output to the data manager if it passes the test , otherwise it will join the 

delaying queue . Each successful request may invalidate certain condi tions that 

cause the previous denial of some requests on the delaying queue, therefore the 

requests on the delaying queue have to be checked again after each successful 

request . 

A factor that differ one concurrency control mechanis m  from another is the 

checking criteria imposed in ' check ' procedure.  The size of the class of correct 

schedules that a concurrency control mechanism can produce depends very much 

on the strictness of these criteria. On the other hand,  the amount of syntactic  
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pro ced ure concurrency- <_;_ontroller , . 
b egin 

loop 
receive( request- to-access-abject) ; 
check(request- to-access - object, ok) 
if ok then 
begin 

send- to- data-manager( request- to -access- object} 
r equest  :=  head- of- delaying- queue ; 
while delaying- queue- is-not- empty d o  

b egin 
check( reqtiest, ok) 
if ok then 

begin 
send- to- data-manager(request} ; 
remove-request-from- queue(request} ; 

end ; 

r equest  := next-request- on- delaying- queue 
end ; 

end 
else join- delaying-queue( request- to-acce.M- o bject) 

forever 
end ; 

Figure 3. 1 General structure of concurrency control ler 

information about a transaction that a concurrency controller can obtain at one 
time and when the information are acquired play a very important role in the 
concurrency controller too. There are two types of information acquisition that 
are commonly used in existing DBMSs, namely Dynamic acquisition and Pre-
transaction acquisition. 
• Dynamic acquisition 

Concurrency controller obtains the syntactic information about a transac­
tion's request upon its arrival. As  a transaction proceeds without any hindrance 
( eg. deadlock in Two-Phase Locking mechanism) ,  the concurrency controller can 
gain more syntactic information about this active transaction until the last request 
of the transaction is received. 
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• Pre-transaction acquisit ion 

All  required syntactic information about a t ransaction are available on the 

arrival of the first request of that transaction; ie .  once a t ransaction is  activated, 

a list of data objects accessed by this transaction and their types of access ( read 

or write) have to be sent to the concurrency controller. 

Both types of acquisition have their advantages and disadvantages. P re­

transaction acquisition introduces an additional overhead. This arises due to the 

fact that each activated transaction has to prepare a list of data objects to be 

accessed before sending its requests_ toJ_he concurrency controller . However, this 

strategy also permit the concurrency controller to foresee and avoid the problems 

that may arise in the transaction. ( More will be discussed on this argument with 

examples later ) .  Concurrency controller adopting dynamic acquisition will not 

be able to foresee and avoid the problems that may arise prior to the execution 

of the transaction. This is due to the insufficient syntactic information available 

( See definition of Dynamic A cquisition on page 2 6 ) .  Problems are normally not 

detected till they have occurred. However ,  dynamic acquisition allows the con­

currency controller to recognize and produce a bigger class of correct schedules 

than that output by the controllers using pre-transaction acquisition. Examples 

to illustrate this feature will be given later in this  chapter. 

3 .2  Two Phase Locking 

This technique of locking is  widely used in  Operating Systems to avoid multiple 

processes from accessing a single global resource. By using lock and unlock opera­

tions , a process is guaranteed to have an exclusive possession of a global resource 

while i t  i s  operating on it. Similar concept has been adopted in  DBMS to avoid 

undesirable problems while more than one transactions are accessing a same data 

object ( see section 2. 2 ) . Of course, the technique of locking cannot be directly 

applied to the concurrency controller without any modification because a DBMS 

and an Operating System are two entirely different environments.  
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A concurrency cont.roller that adapts locking technique locks a specified data 

object and blocks other requests from accessing this object until the object is un­

locked. When a request to access a dat a object is being blocked in the concurrency 

controller, the execution of the transact.ion from which the request i s  originated 

will too be blocked until the request. is granted. In short , the tasks of the concur­

rency controller are to insert L O CK and UNL O CK i n  the input schedule and to 

ensure that no request. on a locked object is granted. 

Basically, a locking mechanism has the following constraints : -

a. a transaction's request. subrnit·ted-.to the concurrency controller must hold a 

lock on the specified data object. before i t  can be output to the data manager; 

b. all data objects accessed by a transact.ion must be locked before any unlocking 

Due to the second constrai11t. ,  a. locl..:ing mechanism is  also called Two- P hase 

Lo cking. Execution of a transact.ion can be parti tioned into two phases where 

the first phase is the locking phase ( or grn wing phase)  and t he second phase is the 

1mlock ing phas e ( or shrinking phas e ) .  ( See figure J. 2 ). 

start errl 

Figu1'e 3 . 2 G'rn win.g anrl. Sh1'inl.:ing of a transac tion 

Unfort unately, the above Two- Phase Locking constraints are insufficient to 

support an efficient concurrency controller. As explained in s ec tion 2 . 2 .  5 ,  read 
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accesses on  a same data object from t�o different transactions do not create any 

conflict and therefore can proceed independently. In other words , a transaction's 

request to read a data object which is locked by another read access shall not be 

delayed but granted immediately. Obviously, lock alone is not sufficient to support 

such a feature. To solve this problem, lock operation is classified into two different 

types of lock, namely read lock and write l ock. 

3 . 2 . 1  Read L o ck and Write Lock 

Read lock and write lock are sometimes referred to as shared lock and exclusive 

lock respectively. With these two types of lock , the locking protocol can be revised 

as follows :-

• A read request must obtain a read lock on the specified data object before it 

is granted; 

• A write request must obtain a write lock on the specified data object before 

it is granted; 

• If a data object is locked with a read lock by t ransaction Tl , then a differ­

ent transaction T2 can acquire a read lock on the same data object but not 

otherwise; 

• If a data object is locked with a write lock by transaction T, no other trans­

actions can acquire a read or write lock on the same object till the object is 

unlocked by T. 

One type of lock Ll ( read or write ) is considered as compatible with another 

type of lock L2 if both are read locks ; otherwise they are incompatible. The com­

patibility of the read and write locks can be expressed as a compatibility matrix 

shown in figure 3. 3 .  

By considering the transaction Tl as holding transaction and T2 as requesting 

transaction, compatibility matrix is isomorphic to the transaction conflict matrix 

shown in figure 2. 9. Therefore, we can rephrase the third and fourth rules of the 

locking protocol as follows :-



Transaction Tl 
Read lock 

Write lock 
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Transaction T2 
Read lock Write lock 

Com,patible Incompatible 

Inompatible Incompatible 

Figure 3 .3  Compatibility Matrix 

• Transaction T2 can acquire _a (ock_ on a data object which is currently locked 

by transaction Tl if the acquisition of the lock does not create any conflict 
between Tl and T2. 

Based on this rephrased rule, Two-Phase Locking rp.echanism avoids conflicts 

by checking the compatibility of the requesting lock and the holding lock. It also 
avoids the three concurrency control problems correspond to the three conflicts 

in  the conflict matrix shown in figure 2 .  9 .  Nevertheless, thi s does not mean that 
Two-Phase Locking is problem-free. It suffers from a serious problem, namely the 

DEADLOCK. 

3 . 2 . 2  Deadlock 

Supposing that a transaction Tl is holding locks ( read or w1·ite) on some data 
objects and requesting t.o lock a data object Oi  which is currently locked with 

an incompatible lock by another transaction T2. Execution of Tl will be blocked 
as i ts request to lock Oi is delayed in the concurrency controller until T2 unlock 

Oi .  U nfortunate situation may arise when T2 is attempting to lock a data object 

Oj which is one of the data objects currently locked with incompatible lock by 

Tl . Therefore, both requests from Tl and T2 are being delayed indefinitely in  the 

concurrency controller and execution of both Tl and T2 are blocked indefinitely 

as well. Such situation is called deadlo ck. This problem gets more complicated 

when the number of transactions involved in such a ' circular waiting ring ' is  large. 
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I n  fact ,  deadlock is a very common problem in our daily life. The traffic jam 
is one such example of the deadlock problem. A commonly seen traffic jam during 
the peak hour of a working day is depicted in figure :J.4 .  Supposing that there are 
four strearn.s of traffic flowing from four directions as shown in the figure. Each 
car uses a portion of the road exclusively ( ie . lock ) .  There are four intersections 
(A,  B, C and D), each i s  a junction of t.wo of t.he traffic streams. D eadlock will 
occur when each traffic strcan1 is indefinitely b locking an intersection. ( See figure 

3.,4 ) 

Figure .'J. 4 Trn.ffic jam p roblem 

A traffic stream ( say the N orthwarcl bound traffic) can be thought as a trans­
action which is exclusively holding a lock 011 a data. object. ( inter s ect.ion C) while 
waiting to lock a.not.her cla.b1. object. ( infc 1·s cct.ion D ) .  

The problem of deadlock is  extensively studied in  O perating Systems and 
various strategics a.re used t.o resolve this problem. Two of these are commonly 
used to solve the deadlock that occur in concurrency control mechanism. They 
are (i) prec laim s frategy and (ii) pre- emp tive s trateg y .  
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This is a deadlock prevention s trategy . This strategy requires the concurrency 
controller to obtain locks on all data objects accessed by a transaction prior to the 

execution of the transaction. No transaction request is granted until all locks on 

the required data objects have been acquired. Obviously, this strategy is best for 

pre- transaction Two-Phase Locking mechanism. Prevention of deadlock by using 

this strategy will be demonstrated with an example later while pre-transaction 
Two-Phase Locking is described. 

(ii) Pre- emp tive Strategy 

Here, an algorithm is required to detect the occurrence of deadlock. Once 

a deadlock is detected, one of the deadlocked transactions has to be pre - e mpted 

by releasing all the locks that it is  holding and terminating the transaction. All 

updates that have been done on the database by the pre-empted transaction have 
to be undone to restore the database to a consistent state. As transaction recovery 
is not in the scope of this thesis, we refer to [G ORD86] for more information on 

this topic . 

Several methods are available  to detect deadlock. The best known among 

these is probably the construction of conflict grap h ( or wait-for-graph ). Conflict 
graph is a directed graph used to indicate the conflicts among the active transac­

tions. Each node in the graph represents an active transaction and each directed 

arc represents a conflict between two transactions. A node is added to the graph 

when the first request of a transaction is received ; and removed with its associ­

ated arcs from the graph when the last request of the corresponding transaction 

is granted. A directed arc is added from one node Ti to another node Tj when Tj 

is requesting a lock on a data object which is locked by Ti with an incompatible 

lock. In other words, an arc ind icates a conflict between two transactions and 

the transaction represented by the des tination node must wait for the transaction 

represented by the source node to unlock the data object involved. A deadlock will 

occur only when a newly added arc results in a direc ted cycle in the conflict graph. 
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Such a cycle indicates a wai ting ring wJ1cre each transaction in the cycle i s  indef­
ini tely waiting for another t ransact.ion to release the lock on the request ed dat a 

object . Therefore, the deadlock can b e  detected by checking the conflict graph 
for directed cycle after each new a.re is added. Figure :J. 5 shows a simple conflict. 
graph with  deadlock. The directed cycle Tl -+ T2-t T4-+ Tl indicates a deadlock 
where Tl i s  waiting for T4 , T4 i s  wai ting for T2 and T2 is  wai ting for Tl . 

deadlock: 

: Transaction i ; 

� : Tj is wniting for TI oc Ti and Tj are conflicting; 

Figure 3 .  5 Conflic t Grnph with D eadlock 
' 

A simple way to resolve a deadlock i s  to abort one of the deadlocked trans­

actions and remove its corresponding node from the conflict graph. Once such a 

node i s  removed, at least two of the arcs that form part of the cycle will also b e  
removed leaving the graph cycle -free ( a n d  also dead lock free ) again. 

3 . 2 . 3  Livelock 

B esi des deadlock , Two- Phase Locking suffers from another problem - Livelock. 

Figure 3. 6 shows a simple example of livelock. 
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'4 5 6 7 8 

Tl :  u(O) 
proceed 

.. U(O) time 

wait 
T2: Lw(O) 

TI: LR(O) 
proceed 

.. U(O) 

T4: LR(O) proceed 
.. U(O) 

TS: LR(O) proceed 
.. 

F'ig1"i1·e ·:;. 6-- L ive lock 

S uppose t hat a data object O i s  read-locked by transaction Tl at time O and 

transaction T2 i s  requesting a. write-lock on the same object O at time 1. Since 

t he t.wo locks are conflict. iug, T2 's request to lock O ( Lw( 0 ) )  is delayed and the 

transaction i s  blocked until O i s  unlocked. Unfortunately, while T2 i s  wai ting for 

object O to be unlocked, T3 's request. to read-lock O is granted at t ime 2 since 

its lock is not conflicting with t.he lock Tl is  holding on 0. In other words, T2 

has to wai t  for both Tl a.nd T3 t.o unlock O before i t s  request to write-lock O 

can be granted .  T2 may get iut.o a situation where more and more requests to 

lock an object are granted while it.  is  waiting for that object  to be unlocked. Such 

s ituation is called l ive lo ck. 

Livelock can be avoided by qucumg the delayed transaction requests and 

attempting ( granting or de laying) ea.ch newly arrived request with t he following 

additional rule :-

A request  fo loci.: a data object. shall not  be granted, if 

1. there is at leas t one reque s t  on the delayed queue associates  with this 

objec t ,  

and 

2 .  no reques t  from the  same transac tion on this data objec t has been 

grant ed prio1· to  t.his reques t ;  
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0 1 2 3 4 5 

Tl:  LR(O) _...._pro_cee_d ---•-U(O) 

TI: Lw(O) wait .-. granredproc� U(O) 

6 7 

. T3: LR.(O) wait grnntedprocee� U(O) 

8 9 

T4: LR.(O) wait gran.cedprocee� U(O) 

10  

time 

TS: l.lt(O) .., granted � U(O) 

Figu1'c 3. 7 • Sc lu.•tfole without livelock 

The livelock problem. depict.eel in figure 3. 6 can then b e  solved by applying 
the above additional rule. Fig1t1'e J. 7 depicts a new schedule without livelock. 

3 . 2 . 4  Pre-transaction Two-Phase Lo cking 

T wo-Phase Locking mechanism aclopt.ing p1'eclaim strategy is considered as a pre ­

transac tion Two-Phase Locl..:ing mechanism . The locking protocol o f  this mecha-
111 5111 lS : 

" Lock all the data obj eels accessed b y  a t.ransaction prio1' to the 

arTival of the fi1·st rcq1 1. cs t of this transact.ion and unlock all the 

data objects afta the last request is granted." 

The following example shows how a Two-Phase Locking mechanism based on 
the above locking protocol can prevent the occurrence of deadlock. 
Examp le . Consider that the following schedule is inpu t  to a con currency con­

troller using pre-transaction Two-Phase Locking mechanism . 

Tl R(x)  11V(y)  

T2 R( y )  vV( z )  

T 3  R(::: )  vV(x )  

Tl1 e above is a classic example of t li e  schedule that will resul t i n  a dead-
lock si t uatio11 . However, wi th prc- f;rnnsacl.ion Two-Plrnse Locking protocol , dead-
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Tl: I.A(x)Lw(y)R(x) ---=proc'--_eed ___ W(y)U(x)U(y) time 

wait ·t TI: LR(y)1--__;.;=----... - Lw(z) ww .,. R(y)W(z)U(y)U(z) 
wait T3: a(z)Lw(x)-...;.;...� ...... -R(z)W(x) ___.,.. U(z)U(x) 

Figure 3. 8 Deadlock-free schedule 

lock situation will never arise. Figure 3 .8  sliows liow tl1e concurrency controller 
rescl1 edule tl1e above scliedule in to  a deadlock-free correc t  scl1edule. 

3 . 2 .5 Dynamic Two-Phase Locking 

Dynamic Two-Phase Locking mechanism is characterized by its  dynamic acquisi­

tion of locks. Lock is acquired on a data object on each arrival of the transact.ion 

request . Its locking protocol is : 

"Lock the  data objec ts immr.dia.iely bcfo1·e each 1·eques t  is made and unlock 
all the locked data objects aft.er  the las t reques t  is grnnted." 

This is different. from pre-tra.nsaction Two-phase-locking in which all the data 

objects must be locked prior t.o t.he submission of the first request .  One major 

advantage of this mechanism is i t. s  abili ty to recognize and produce a larger class 

of correct. schedules in comparison wit.h the pre- transact.ion Two- P hase Locking. 

On the at.her hand, this mech anism faces the threat. of deadlock. To resolve the 

problem of deadlock without. losing it.s fea.htre of dynamic locking, we need to equip 

it with a dead lock de tection mechanis m that dynamically checks the occurrence of 

deadlock . 

In the following two examples , we demonstrate the advantage and disadvan-

t age of t his mechanism. The first example shows how a deadlock may occur and 

the second example presents a correct schedule which can be recognized by dy­

namic Two-Phase Locking mechanism but not p re-transaction Two-Phase Locking 

1nechanis111. 
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Exan1ple. Supposiiig f.lrn t. t.hc same inp u t  scl1edule presen ted ii1 t h e  las l example 

(pag e 35 ) is s u bmit ted to a dyn amic Two-Pllil.se Locking co11currency controller. 

Figure 3 . 9  depic ts lww this sched ule is reslr nflled an d how deadlock may occur. 

T 1 :  U(x)R(x) 

T2: LR(y)R(y) 

T3: u.(z)R(z) 

Lw(y)------- wait 

L-w(z)l----.. - wait 

Lw(x� wait 

deadlock. � 

Figure 3 . 9  D eadlock i n  Dynamic Two- Phas e Locking .Mechanis m 

Deadlock occurred in the above scl1edule as eacl1 transaction is at temp ting 

to acq uire wri te-lock on a data object wl1icl1 is currently read-locked by another 

transactio11 . 

Exa1nple. Consider tlie following sch ed ule as an inp u t  sch ed ule s u bmi t ted to  tl1e 

concurrency con troller. 

T l :  R(:x)R(y) W(z) 

TI: R(x)W(y) 

The o u tp u t  schedule produced is 

wl1ich is 

Tl:  U(x)R(x)LR(y)R(y) Lw(z)W(z)U(x)U (y)U(z) 

T2: u.(:x)R(x)Lw(y) W(y)U(x)U(y) 

T l :  R(x)R(y) W(z) 

TI: R(x) W<.y) 
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Wi t.Ji tli e sa.rne inpu t  sclicdulc (S1 ) ,  prc- l. ransacf.io11 Two-Pliase Locking mecl1a-

11is111 reslwffle tli e schedule in to the fallowing scl1edule. 

Tl: R(x)R(y)W(z) 

T2: R(x)W(y) 

In otl1er words, pre- transaction Two-Pliase Locking mecl1anism can only recog­

nize1 0  scl1edules 51 , 52 a.11 d 53 as 5'3 ; b u t  dyna.rnic Two-Pl1ase Locking mechanism 

can recognize tl1e schedules S1 a11d S2 as S2 , SJ as S3 •  

3 . 2.6  Granularity Issues 

Granularity of a lock refers to the size of the lockable data object. The granularity 
of lock can be  as large as a whole database or as small as a field in a record. 
Large and small granularities of lock are commonly referred as coarse and fine 

granularities respectively. Obviously, t.he finc1· the granularity of lock, the higher 
the degree of concurrency. On I.he other hand, the coarse1' the granularity of lock, 

the lower the chances that. certain problems such as concurrency control problems, 
deadlock and livelock may arise. Figw·e :J. 1 0  shows the inter-relationship of the 
degree of concurrency, probability of problem occurrence and the granularity. 

In the last few subsections, single granularity of lock is assumed, but this may 
not be  the case in practice . Multiple granularities of lock are normally adopted 

in concurrency controllers. The reason for this is easy to understand. For trans-

actions, such as enquiring the tot.al balance of all saving accounts in a banking 

database, are more efficient. wit. h a coarser granularity which allows a bigger group 

of objects to be  locked with a single lock operation. For other transact.ions, such 

as enquiring the balance of a single account, a finer granularity is better since 

it will reduce the number of unnecessary locks and thus increase the degree of 
concurrency. However, in pradice, both types of transaction are always needed 

to Schedule S; is recognized n.s schedule Si , if Si is submitted  to the concurrency con­
troller and Si is the output schedule .  



Degree of 
Concurrency 
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Granularity 

. . 
. · 

Probability of 
problem 

<>CC� 

. . . . . . .  - - . . . . . . . . . . .  .. 

Figw·e 3 . 1 0  lntcr - 1'e lationship of three fac tors 

in a s ame DBMS . Therefore, a multipl y- granular lock scheme is required to 

i1nprove the performance of a. concurrency controller. 

To support a. m1tltiply-granula1· lock s cheme , Gray [GRAY77] suggested a hi-

erarchical loci.: s t rategy . In his strategy, the whole database is organized in a 

hierarchical structure, such as a tree. Each level of the hierarchy corresponds to 

a granularity of lock. For example, in figure 3 . 1 1 , there are four different levels ,  

each corresponds to database, area, file and 1'Cco1'd . Locks are permissible at each 

level. Therefore, a transaction t.o enquire the total balance of all saving accounts 

stored in a file can simply place a read lock on that file and disallow other requests 

t.o update any of the records in !.he file. This is much more efficient than locking 

each indi vicl ual record . 

Beside read lock and wri te lock , Gray introduced another two new locks 1 1 , 

1 1  Another new lock, namely 'slw.rc a.nd intention write lock ' {SIW} is not  mentioned 
here since it is ra the1· red u.ndant. The purpose of having this lock is to allow the 
transaction which wants to 1·ea.d an entire sub tree and to update particular nodes of 
that sub tree to rea.lizc higher d cgrec of concurrency{ G RA Y78 ]. However, locking the 
roo t  of the subfrcc with a. SIW lock is in fact  cq11.ivalcnt to issueing two intention 
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Figure J . 1 1  • T1,ee s.truc ture of a databas e 

namely intention read (IR) and intention wri te ( IW) locks .  When a transaction 

requests to read lock (or write lock ) a data object in a database, it has to show 

its  " intention" by locking all nodes along the path from t he root node ( the whole 

database in figure J. 1 1 ) to the i mmediate parent node of the destination node 

wi th  intention read lad ( or in t en t ion  write loci.: ) .  Figw·c J . 1 2  depicts an example 

of locking a single record with read lock in the d atabase shown in figure J. 1 1 .  

Record :. : destination record 

Figure J. 1 2  Exam]>lc of locking a record with hierarchical locking 

locks, IR lock a.nd IW lock, from a. same transaction. The descendent nodes that 
later  identified as the nodes lo  be 1·ead ( or updated) can then be locked with R ( or 
W) locks. 



R 

Transaction Tl w 

( holding ) IR 

IW 
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Transaction T2 (reque sting) 

R w IR IW 
yes no yes  no 

no no no no 

yes no yes  yes 

no no yes yes 

where yes Compatible 
no Incompatible 

Figure 3 . 1 3  Revised Compatibility Matrix 

With the two new types of lock introduced, the compatibility matrix of locks shown 
in figure 3 .  3 has to be revised as figure 3. 1 3 .  

At the end of each transaction, all locks ( intention 0 1· non- intention )  held by 
this transaction will be released from the finer granules up to the root. 

3 .3  Timestan1ping 

In last subsection, concurrency control mechanism based on locking technique 
is discussed. Locking technique resolves the concurrency control problems but 
introduces another serious problem - deadlock .  Detecting and resolving deadlock 
is a very expensive task but also unavoidable. Due to this reason, various non-

locking techniques were proposed to develop deadlock-free concurrency controller. 
O ne such technique is the Timestamping. 

Based on Timestamping technique, each transaction submitted to the con­
currency controller is given a unique identifier called timestamp.  Generally, 
timestamp of a transaction is the time instance at which the first request of that 
transaction arrives at the concurrency controller1 2 . Hence, timestamp not only 
uniquely identifies a transaction, but also its 'age ' .  Transaction Tl is said to be 
' older' than transaction T2 if Tl 's timest.amp is smaller than T2 's.  

1 2  A timestamp is not necessarily the actual time of the system clock. An incremental 
count after each timesta.mp is issued is adequate to provide each transaction an 
unique identifier. 
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By using the transaction's timest_amp and o�her syntactic information ( such 

as data objects being accessed and access types) ,  a concurrency controller can 

schedule an input schedule into a conflict serializable schedule. 

Several variations of Timestamping mechansim have been suggested. Two of 

these , pre- transaction Timestamping and dynamic Timestamping mechanisms , are 

discussed below. 

3.3 .1  Pre-transaction Timestamping 

-Pre-transaction Timestamping mec-hanzsm requires a transaction to provide syn­

tactic information about this transaction prior to  the first request being submit­

ted to  the concurrency controller . These information include the timestamp of 

the transaction,  data objects accessed and the access types ( read or write ) .  With 

these information, the concurrency controller will be  able to perform the following 

scheduling protocol on each subsequent request submitted. 

"A request to access an object is granted if all conflicting requests 

from the older transactions been granted." 

Take an example to illustrate how the above protocol is  performed. 

Example. Consider that the follwoing scl1 edule is inp u t  to tl1e concurrency con-

troller. 

Tl 

T2 

T3 

R(x )  R(y )  W(x )  

R(x)  W(y) 

W(z )  W(x )  

Based 011 tl1e pre-transaction Timestamping protocol, tl1e output schedule is as 

follows 

Tl 

T2 

T3 

R(x )  R( y )  vV( x )  

R (x )  W(y) 

W(z) W(x )  
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1 .  Tl : R (  x )  i s  granted immediately sin ce T l  is. t h e  oldest transaction . 

2 .  T2 : R( x )  is delayed sin ce the c01d-l.icting req uest Tl : W( x )  is not yet granted 

and Tl is older than T2 . 

3 .  Tl : R(y) is granted immediately since Tl is the oldest transaction . 

4 .  T3 : W (  z )  is granted immediately since there is no conflic ting requests from 

the older transactions ( Tl a11d T2 ).  

5.  T3 : W ( x )  is delayed sin ce tl1e conflicting requ ests Tl : W ( x )  and T2 : R( x )  

h ave n o t  been granted and both Tl and T2 are older than T3 . 

6.  T l  : W( x )  is granted immedjat_ely since Tl is the oldest transaction. 

7. T2 : R(x)  delayed at stage (2 )  is now granted since all conflicting requests 

from the older transaction (Tl) have been granted. 

8. T3 : W ( x )  delayed at stage (5) is now granted since all conflicting requests 

from the older transactions (Tl and T2) have been granted. 

9. T2 : W(y) is granted immediately sin ce there is no conflic ting request from 

the older transactions (Tl and T2 ) wilich has not been granted. 

From the above example, the following features are observed : 

1 .  The older a transaction is ,  the faster its requests are granted.  

2 .  Requests originated from a transaction will not be granted ti l l  all the conflict­

ing requests from the older transactions are granted.  

With t hese features , the following correctness criterion is always guaranteed by 

the pre- transaction protocol : 

Schedules output from the concurrency controller are conflict 

serializable to the serial schedule 

where 

Ti 's are the transactions involved in the input schedule with 

timestamp i ,  and 

Ti is older than Tj ,  if i < j .  
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In comparison with the correctn�ss criterio� ensured by the pre- transaction 
Two-Phase Locking, the above criterion is stronger; ie. the set of correct sched­
ules recognized by a pre-transaction Timestamping concurrency controller is bigger 
than that recog11ized by a pre-transaction T wo-Phase Locking concurrency con­
troller[PAPA86] . The following example shows a correct input schedule recognized 
by the pre-transaction Timestamping mechanism but not by the pre-transaction 
T wo-Phase Locking mechanism. 
Example. Consider the following conflict serializable scl1edule (s 1 )  is input to a 

con curren cy controller. 

T l  R(x )  R(y) W(z)  

T 2  R(x) W(y) 

Based on tl1e  pre- transaction Timest amping mech anism , t h e  same schedule is out­

put.  s 1 is being recognized as a correct scl1edule and outp u t  to the data manager. 

However, this is not so when s 1 is sent to a co11curre11cy controller based on pre­

transaction Two-Pliase Locking mechanism . The ou tpu t scl1edule will be : 

Tl R(x ) R(y) W(z)  

T 2  R(x) W(y) 

s 1 is  being recognized as a serial sch edule Tl T2 even though i t  itself is already a 

correct scl1edule. 

3 . 3 . 2  Dynamic Timestamping 

Based on Dyn amic Timestamping mech anism, a conflict between two requests 
from two different transactions is not known to the concurrency controller till 
the younger conflicting request is accessing the data object. This type of dy­
namic acquisition of syntactic information may give rise to the deadlock problem 
in Dynamic Two-Phase Locking mech anism, but this problem will never occur in 
dynamic Timestamping mechanism. ( More about the problem of deadlock will be 

discussed later.)  



Chapter 3: Mechanisms for Concurrency Control 45 

Beside the transaction, timestamps are also a�signed to the data objects main­
tained in the database. Each data object in the database is given t wo different 
types of t imestamp, namely read-timestamp and write-timestamp . Read-timestamp 

is the t imestamp of the youngest transaction that last read the data object and 
write-timestamp is the t imestamp of the youngest transaction that last updated 
t he data object . 
The scheduling protocol of this mechanism is as follows : 

1 .  A request to read a data object O is granted if the t imestamp of the trans­
action from which the request is originated is larger than 0 1· equal to the 
write-timestamp of O ;  otherwise, the request is delayed. 

2 .  A request to  write a data object O is granted if t he t imestamp of the trans­
action from which the request is originated is larger than or equal to both the 
read-timestamp and write- tiniestamp of O ;  otherwise, the request is delayed. 
Notice that the mechanism. based on the above protocol grants and delays 

requests in such a way that the conflicting requests from t he older transaction are 
granted before the conflicting requests from the younger transaction. This ensures 
t hat the output schedules are conflict serializable to the serial schedule of all the 
transactions that are involved executed in their chronological order. This strategy 
also avoid the undesirable problem - deadlock .  

3 .3 . 2.1 Avoidance of Deadlock 

In section 3 . 2. 2 ,  conflict graph is used to detect the deadlock in dynamic Two­

Phase Locking mechanism .. Same method can be applied here to find out if dead­
lock is possible in dynamic Timestamping mechanism. As shown previously ( see 

section 3 .2 . 2 ) ,  if there is a cycle in the conflict graph, there is a deadlock in the 
schedule. H ence, if a cycle is impossible to be formed in a conflict graph, deadlock 
will never occur. 
The following proof shows that deadlock is impossible in a dynamic Timestamping 
mechanism. 
P ro of : 
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The proof consists of two parts 

1 .  Proving that a transaction Ti is older than transaction Tj if there is a path 

from tbe t ransaction node Ti to the transaction node Tj in the conflict graph . 

2 .  Proving that a cycle is impossible to be formed without  violating the first 

proof. 

Part 1 : 

Based on the dynamic Timestamping protocol, if a conflict is allowed ( both 

conflicting requests are granted }, the older conflicting request must be granted 

before the younger confiicting req�test. In the other  words, if there is a confiict arc 

from a transaction node Tl to a transaction node T2, Tl must be older than T2. 

Such that, 
if Tl ---t T2, 

then tl < t2 

where ti is the timestamp of transaction Ti . 

If the re is another confiict arc from transaction node T2 to a transaction node T3, 

then T2 must be older than T3 bas ed on the same reason.  Sttch that, 

if  Tl ---t T2 --+ TJ, 

t hen tl < t2, t2 < t3 

Hence, Tl must be olde1· than TJ too where tl  < t3 . 

By induction, if there is a path from a transaction node Ti to another  transaction 

node Tj, then Ti must be older than Tj. Such that, 

Part 2 :  

if Ti . Tj 

t hen ti < tj .  

where � represents a path in the conflict graph .  

Next, we have to  prove that a cycle i s  impossible in  a confiict graph constructed 

by the dynamic Timestamping mechanism. This is done by first assuming that 

the re is a cycle in the graph and then prove its falsity. 

By definition, a cycle in a directed graph is a path whose end- nodes com­

cide{CA RR 79 j .  Assume that there is  such cycle in the confiict graph which com­

pris e of a path from a transaction node Ti back to itse lf, such that Ti � Ti · We 
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have already proved in part one that transaction 'ri must  be  older than Tk if there 

is a path from transaction node Tj to transaction node Tk . Hence, if a path from 

node Ti back to itself does exis t, then 

1 .  Ti is older than Ti .  

2 .  A l l  transactions correspond to the nodes involved in the cycle are older than 

Ti . 

3. All  transactions correspond to the nodes involved in the cycle are younger  than 

Ti .  

which are all IMPOSSIBLE. 

Therefore, we conclude that a cycle is imposs ible in the conflict  graph 

constrttc t ed by the dynamic Timesiamping mechanism.  So, the mechanism is 

deadlock-free .  

3 .3 .2 . 2  L ivelock 

One major disadvantage of the dynamic Timestamping mechanism i s  that once a 
request i s  delayed, it  will be delayed forever - which results in live lock .  Based on 
the protocol presented earlier, a request is  delayed i f  i ts transaction 's timestamp 
is  smaller than the read-timestamp ( request  to read ) or both read-timestamp 
and write-timestamp ( request to write ) .  Since the times tamp is  an ever increasing 
value, a younger transaction will never get a timestamp smaller than any older 
transaction. Hence, once a data object is  accessed by a transaction, its read­
timestamp ( read access) or write-timestamp ( write access) will never be smaller 
than the timestamp of this transaction. In the other words, delayed requests 
originated from the older transactions will not be able to proceed any further, 
since the access-timestamp ( read- timestamp and write - timestamp) of the object 

will never get smaller than their timestamps. The following example shows how 
such problem may occur. 
Example. Consider tliat tl1e following simple schedule is inpu t  to a concurrency 
controller using the dynamic Timestamping mechanism. ( A ssume that the read­

timestamp and write - t imestamp of all data objects are O initially . )  
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Tl 

T2 

R(:i: ) 

R( x )  

Tl is older tli an T2 since the firs t requ es t  of Tl arrives a t  the concurren cy con­

troller before the first request. of T2 does. Assume tliat Tl is given a timestamp 

1 a11d T2 is given a timest arnp 2 .  

Tl1e followii1g figure illus trat es tli e  occurence o f  a liveloclc scl1 ematically. 

T l :  R(x) delayed ... 
TI: R(x) 

read-timestamp(x:) 0 1 2 2 

write-tim.estnmp(x:) : 0 0 0 0 

time 
(0) ( 1) (2) (3) 

( 1 )  T l  : R( x )  is gran ted imrnccliat ely, since Tl 's times tamp is larger tlian tl1e 

wri t e- times tamp of x .  

( 2 )  T2 : R( x )  is gran ted immediately, since T2 's timestarnp is s till larger tlrnn 

tli e  wri t e- times tamp of x wl1ich is 1 n ow. 

(3 )  Li velock occ urs to Tl a.t t .l1is s tage as the req u est  Tl : W ( x )  is delayed forever. 

Tl1is is because the times ta.mp of Tl is smaller than the read- timest amp of 

x wl1icl1 is now 2. This will also block the execu tion of Tl in defini t ely sin ce 

read- times tamp of x will never get smaller tl1a11 2 .  

I n  dynamic Two-Phase Locking mechanism, l ivelock i s  resolved by maintain­

ing t.he delayed requests on a FIFO queue and prevent t.he newly arrived request 

from overtaking the requests already on the queue ( s e e  s ection 3 . 2 . 3) .  The re­

quest that may get i nto livelock problem is known to the concurrency controller 

before t he problem occurs . Disallowing the subsequent. requests to overtake this 
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request will prevent the problem of livelock. However, such strategy i s  not ap­

propriate in dynamic Timcsta.mping mechanism as the occurrence of livelock can 

not be foreseen. Livelock occurs at. the 1noment t he request concerned arrives at 

the concurrency controller. The ovc l'iaking request ( the request from the younge ,· 
conflicting transaction ) i s  grant.eel before the arrival of the overtaken request ( the 
request from the older transaction ); hence, there i s  no way to prevent the overtak­

ing by maintaining a FIFO queue as the overtaking request has been granted well 

beforehand. In t he other words , it is pointless to delay a request at all ,  since there 

is no chance t hat the delayed requesLwilLbe granted in later s tage. In such a situa­

tion, the only solution is to abort. the transaction ,  undo all the updates and restart 

the transaction. The res tarted transact.ion will be treated as a new transaction 

and a larger tim.estamp is given. Notice that this  strategy is  in  fact a pre- emptive 
strategy described in section 3. 2. 2. The following example demonstrates the use 

of this strategy to resolve the livelock i n  previous example. 

Example .  

Tl : R(:x) Abort ----..R� R(x) W(x) 

read-ti.m.estamp(x) : 

write-timestamp(x) : 

TI: R(x) 

0 

0 0 

2 

0 

(0) ( 1) (2) 

( 1 )  Tl : R( x )  is granted immedia tely. 

(2)  T2 : R( x )  is gran ted immedia tely. 

2 

0 

(3) 

3 

0 

3 

3 

(4) (5) time 

(3)  Tl : TtV( x )  is denied sin ce I.he  f.imestamp of T3 is smaller t.lian th e read­

times t amp of x .  Therefore, T3 is aborted an d res t arted wi th a new timest amp 

3. 

( 4 )  Tl : R( x )  is gran ted immedia tely sin ce the times ta.mp of Tl is larger than 

tl1 e  read- timestamp of x .  
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( 5 )  Tl : W (  x)  is granted immediately as timest aI?P of T l  i s  larger than both the 

read- timestamp and write- timestamp of x .  

Therefore, the  o u tput schedule becomes T2Tl . 

3.3.3 Reading of P hantom Object 

One major drawback of the Timestamping mechanism (both pre-transaction and 
dynamic) is that it does not take the second concurrency control problem - reading 

of phantom object - into consideration. In a Two-Phase Locking mechanism, this 
problem is prevented by locking th� up-dated data object and delaying the sub­
sequent requests to read this data object until the updating transaction unlocks 

the data object at the end of the transaction. However, similar constrainst is not 
imposed in Timestamping mechanism. 

In dynamic Timestamping mechanism, a request to read a data object IS  

granted as long as the timestamp of the transaction from which the request I S  

originated is larger than the write- timestamp of the object. In pre-transaction 

timestamping mechanism, a read request is granted once all the write requests on 
the same data object from the older transactions have been granted. In the other 
words, a transaction is allowed to read a data object which has been updated 
by another transaction that is not yet terminated. The copy of the data object 
read may become a phantom object if the updating transaction is aborted later 
due to external factors ( see section 2 .2 .2) or to resolve the livelock. The following 

example shows an occurrence of such problen1. 

Example. Consider tliat the following sch edule is submi t t ed to the concurrency 

controller based on the dynamic Timest amping mechanism. 

Tl 

T2 

R(x)  

R(y) 

W(x )  W(y) 

R(x )  

The sch eduling of this inpu t  schedule by the concurrency con troller is discribed 

below. ( Assume that the read- timestamp and write- timestamp of all the data 
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o bjec ts a1'e O initially and t.mns a c/. ion T l  and T2 .a 1·c given the t imes tamps 1 and 

2 respec tively . )  

Tl :  R(x) W(x) Abort -..Restart 

TI: R(y) R(x) 

read-tlmesta.mp(x) 0 1 1 2 2 

write-timestamp(x) 0 0 0 1 1 1 

read-timestamp(y) 0 0 2 2 2 2 

write-ti.m.estamp(y) : 0 0 0 0 0 0 

(0) ( 1 )  (2) (3) (4) (5) time 

( 1 ) Tl : R( x )  is gran ted immediately sin ce timestamp of Tl is larger tli an wri t e-

times tamp of x .  

( 2 )  T2 : R(y) is granted immediately sin ce tirnestamp of T 2  i s  larger tha11 wri te­

times tamp of y .  

(3) Tl : TV(x) is  gran ted immediately smce timest amp of Tl 1s equal t o  the  

read-timestamp and write- times tamp of x .  

( 4 )  T2 : R( x )  is grant ed imm ediately sin ce timestamp of T 2  is s till larger than 

tl1 e wri t e- timesta.mp of x .  

( 5 )  T l  : W(y)  is denied sin ce time.s t. a.mp of T l  i s  smaller than the read- timest amp 

of y .  Tl is aborted and res tarted wi th a new times t amp 3 .  During the 

abortion , write  access Tl : TV( x) performed at stag e ( 3 )  is undone. Hen ce, 

transaction T2 has read a phanf.om data object at s t a.g e (  4 ) .  

This problem i s  especially serious where dynamic Times tamping mechanism is  

used since the rate of abortion is  l ikely to be much higher compared with  the use 

of  pre- transaction Timesta.mping mechanism.  For this reason, dynamic Times­

tamping mechanism is less popular despite i ts  simplici ty. On the other h and,  

pre-transaction Timestamping mechanism is  already in  use in  SDD-l [BERNSOJ . 
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3 .4  Optin1istic Mechanis1n 

O p timistic c onc urrenc y c ontrol mec hanism is another non-locking mecha-

nism. This mechanism was first introduced by H . T. Kung and J . T. Robinson 

[KUNG81] .  It adopts an entirely different approach from the Two-Phase Locking 

and Timstamping mechanisms earlier described. 

Concurrency controllers based on this mechanism optimistically assume that 

conflicts will not occur during the execution of  the transactions and therefore al-

lows all submitted requests to pro�eed __ without any delay and scheduling. The 

assumption will only be challenged at the termination of  each transaction. Trans-

actions that fail this validation stage are aborted and restarted from the beginning 

again. 

Based on this strategy, degree of concurrency is much higher than the other 

two mechanisms if the chances of conflicts among transactions are low. Due to this 

feature, optimistic approach is more appropriate for application domains where 

queries are dominating, such as L ibrary Cataloguing DataBase Systems. 

3 .4 .1 T he T hree Phases of a Transaction 

For a practical realization of the optimistic approach, [KUNG81] partitioned the 

execution of a transaction int.a three different phases, namely Read Phase, Valida-

tion Phase and Write Phase . ( See figure 3 . 1 4 ) 

0 . o  , 0  0 

'-v-' '-v-' 

Read Validation Write 
Phase Phase Phase 

0 0 time 
start end 

Figure 3. 14 Three phases of a transaction 
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( 1 )  Read P hase : In this phase, all requests  su1?mitted to the concurrency con­

troller are granted immediately without any delay. To avoid unnecessary 

overhead in  undoing the updates while the transaction is aborted later, only 

the requests to read the data objects that are not updated by the same trans­

action are directed to the data manager. All write requests are held at the 

conc urrency controller until the transaction i s  validated to be conflict-f1·ee . 

At the mean time, a copy of the updated data object is  stored in a local write 

set maintained for this transaction. Requests to read a data object which has 

been updated by the same t.ransa�yon are granted with a local copy of the 

updated data object returned to the users . Of course, all these operations are 

invisible to the users. To them, transactions are carried out as if all read and 

write requests  are directed to the data manager. Read phase is  completed 

when the last request of the transaction is granted. 

(2 )  Writ e  P hase : Write Phase is the final stage of the execution of a transaction. 

Transactions that reach this phase are those which have been proved to be 

conflict-free . All write requests held at the concurrency controller that belong 

to these transactions are then released to the data manager which physically 

performs the updates on the data base. 

( 3 )  Validation Phase : This is the most important phase in the execution 

of a transaction. The assumption that no conflict will occur in the read 

phase i s  validated in this phase. Various methods of validation can be used 

here. For example, Papadimitriou [PAPA86] validates the transaction by 

maintaining a conflict graph; H.T. Kung [KUNG81] maintains a local read 

set and local write set for each transaction and check if these two intersect 

the conflicting sets 1 3  belong to the older transactions. Despite these different 

approaches , the common objective of all these validation methodologies is  

to ensure the conflict serializability of the output schedule. Papadimitriou's 

method in validating a transaction is more powerful than K ung's method in 

1 3  Two local sets are considered as conflicting sets if at least one of them is a local 
write set .  

I 
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the sense that the former allows conflict to occur between two t ransactions 

and abort only when deadlock is  detected in the conflict graph. Therefore, 

aborting and restarting transactions in the concurrency controllers that adopt 

P apadimitriou's method are not as frequent as in those that apply Kung's 

method. However , this method also introduces the overhead that non-locking 

mechanisms are trying to avoid, that is the overhead in deadlock detection .  

As Kung's methodology is  rather lengthy, we refer t o  [KUNG81] fo r  a more 

detailed discussion. 

3 .4 . 2  Deadlock and Livelo ck 

P roblem of deadlock does not exist m Optimistic mechanism. Since all trans­

actions are allowed to proceed without being delayed, no transaction is waiting 

for another to release the data. objects a.s in the Two-P hase Locking mechanism; 

hence, problem of deadlock will not arise at all. Similarly, as there is  no delaying 

and waiting, there is no such problem of indefinitely delay - livelock .  However ,  

Optimistic mechanism faces another form of  livelock problem, that is  rep eatedly 

restart . 

Repeatedly restarting a transaction i s  very common, especially when the 

transaction i s  accessing large number of data objects .  It increases the chances 

of the occurrence of conflicts and so the need for abortion. In [KUNG81 ] ,  such 

problem is resolved by keeping track of the number of times a transaction fails 

the validation. The transaction with large number of failures is  allowed to proceed 

with all other younger transactions hold- up outside the concurrency controller until 

this transaction terminates . 

- - -- -- ---



Chapter 4 

In1plen1entation of Concurrency Control Mechanisms 

4 . 1  Introduction 

In t he previous chapter, we intro�u�ed the basic features of the three different con­
currency control mechanisms. Designing and developing algori thms to implement 
these mechanisms and strategies is  the major objecti ve of this chapter. 

A ' colours ' file is  used as a sample database to demonstrate how the concur­
rency control mechanism correctly schedules the accesses to thi s file. This indexed 
file consists of a l ist. of people's names and their favouri te colours. Each record 
maintained in  the file has the following data structure : 

colour _record rec ord 
name : [l\-EY(O) ] s tring ; 
favourite : colour;  

end; 

where name is the indexed field. 
An overview of the sample database system is  depicted in  figure 4 . 1 .  
There are all together five different modules which are 
1. Concurrenc y Contr oller -
This is  the major module in the system. Two concurrency control mechanisms, 
namely Two-Phase Locking mechanism and Timestamping mechanism1 4 , discussed 
in last chapter will be used to implement this module. 
2. Rec ord Inserting Pr ogram Module -
This  module responsible for inserting new records i nto the sample ' colours ' 
database. 
3. Col ours Database -
A simple database consists of a list of people's names and their favouri te colours. 

14 lmplemetation issues of Optimistic mechanism is not discussed in this thesis. 
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t:jlnput Schedule ConCWTency 
Co.at.roller 

Data 
Manager 

Record 
Inserting 
Program t--���--1� 

Cal ours 
DIWI. 
Base Module 

'---

Fig U 1'C 4 - 1  Ovc r 11icw of the saniple database sysi.cm 

4 .  Data Manager -

Module responsi ble for physi cal in t.eradion wi t.h  t. he Colours Dal.a base. 

E, . Transfile -

A sequent. ial file consi st. s  of a sequenc<.> of requests .  I t. i s  used to si mulate an 

i nfi l l i te  s t. ream of request.s general.eel from di fferent. s i t.es 1 � .  Format.s of t. he request. 

wi l l  be described separately i n  the discussions of t.h e  implement.at.i ons of various 

concurrency cont.rol mechanisms later .  

N ote t hat. t.h e  major purpose of bui lding th i s  simple incomplete database sys-

tern is to provide an environment. to demonstrate different. concurrency control 

mechan i sms d iscu ssed in l ast chapter. The m ajor module in t.h i s  system is t.h e  

concurrency controller and the other modules are simply u sed as supporting mod-

u les t.o show the working of these mechanisms .  Therefore , th i s  chapter is focusing 

on design ing and developing differen t  a lgorithms t o  implc 1nen t.  the 'conc u1Tcncy 

con trolle r '  module . Other support ing modules are kept. as simple as possi ble and 

are not discussed here.  

1 5  In this thesis, transact ions a.re assumed lo  be ac t i1,a lcd al the sites different from 

where the central DBMS is locat ed, s u ch as the  banking systems described in secti on  

2. 2. 
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Two concurrent programming techniques are· applied to implement the algo­

rithms. T hese techniques include synchronization by se maphore and monitor. 

As mentioned previously, direct application of these techniques in the implemen­

tations of concurrency control mechanisms may turn out impractical or may not 

work at all [BERN81].  T herefore, certain modifications are made in this chapter 

to make them applicable in this domain. 

PASCAL has been chosen as the vehicle for this implementation. All data 

structures and algorithms will be presented in PAS CAL or near PAS CAL format 

throughout the chapter. 

4 . 2  Two-Phase Locking 

4 . 2 . 1  S emaphore 

In practice , syn cl1ronization by semaplwre is commonly used as a technique 

to implement L O CK and UNL O CK operations in Two-Phase Locking mecha­

nism[PAPA82]. This t echnique was first. introduced by Dijkst.ra [DI J K 65] . Di-

jkstra's concept of altering the values of semapho1·es by two primitive operations 

wait ( or P )  and signal ( or S )  to synchronize concurrent accesses to a shared re­

source has been widely used in Operating Systems since then. In a Database 

Management System, this technique is probably the most appropriate one for im­

plementing Two-Phase Locking mechanism. Of course, certain modifications are 

needed to make it suitable. 

Generally, the primitive operations wait and signal are implemented as follows 

wait ( s )  if s > O  
then decrement s by 1 
else hold this process till s > 0 

signal( s )  increment s by 1 

where s is a semaphore which will be se t to 1 for ( binary semaphore) or N ( fo1· 

counting semaphore) initially. 

A First-In-First-Out  ( FIFO) queue is normally maintained for each semaphore 

to hold the waiting processes. The first process on the queue will be awaken and 
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removed from t.he queue once the p rocess possessi ng t.he shared resource performed 

the operation signal( s ). Base on this  approach , a general data  structure of a 

semaphore is shown in  fig ure 4 . 2 .  

Figure 4 - 2  Gcncml dat.a s truc ture of a S €  maphorc 

The wait and s ignal operations are si mi lar t.o the Lock and Unlod: operations 

m Two-Phase Locking Mechanism. Each transaction ' s  request. can be t hought. 

as a process requesting a shared resource.  If a. t. ransact. ion's  request. to access a 

shared d at.a object. fail s  the Loci. ( wai l ( s ) )  t.cst , i t  wil l  be held on t.he wai ting  

queue associate wi th this data object. ;  otherwise, t.he request. wil l  be  grant.eel and 

submi tted t.o the data manager. Unlocl, ( s ig n al( s ) )  operation unlocks the dat.a 

object. and allows another request. on the wai ti ng queue associate wi th  th.is data 

object. t.o be  granted .  A " lockbi t"  can be  allocated t.o each accessible data  object. 

as a s emaphore . Unfort. irna.t.ely, t.he  i mplemcnt.at. iou of Lock and Unlock i s  not. that 

si mple. There are three bas ic  di fferences bet.\veen the Lod/ Unlod· and wait/sign a l  

operat ions .  These d ifferences arc : 

• There are t.wo di fferent. types of Loci.: in Two- Phase Locki ng mechanism, 

namely Read-Lock and 1Vrile -Locl.- , each has a d ifferent function ; 

• Loci.: test i s  not as simple as t.hc test. carried  out  by wait operat ion .  As  

described in  s ec tion 3. 2 ,  a request. t.o lock  a data object. w i l l  be  denied if  i t s  

lock conflicts wi t.h the lock/s  currentl y held on  that. data object ;  otherwise,  

the request will  be grant.eel and sent. t.o data manager; 
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• Not only the delayed requests are maintained on the waiting queue associate 

with t he corresponding data object , copy of each granted request of the active 

transactions has to be made available to the concurrency controller too. This 

allows t he concurrency controller to keep track of all transactions currently 

holding locks on the data object . 

D ue to the above differences , certain modifications are made to the data 

structure of t he lock bit ( semaphore ) as well as the lock ( read and write) and unlock 
operations . 

4 . 2 . 2  Lockbit 

As pointed out in last subsection, a copy of each granted request accessing a data 

object h as to be available to the concurrency controller . This i nformation is very 

important to the subsequent requests accessing the same data object .  Therefore, 

another FIFO queue , which is  called granted queue here, i s  mai nt ained alongside 

with t he waiting queue. This queue holds the syntactic information of all requests 

currently locking the corresponding data object . Removal of a granted request 

from the granted queue ( due to the request to unlock , termination or abortion of 

the transaction from which t he request is originated) may result in transferring 

one or more waiting request/s from t he waiting queue to the granted queue. Each 

transfer signifies a request being granted . 

B ased on t he above requirements ,  the data structure of the lockbit i s  revised 

as in figure 4 .  3 . 
Two additional pointers , lasLwaiLreques t and lasLgranted_reques t ,  pointing 

to t he last requests of waiting queue and granted queue respectively may be added 

to the lockbit . This will allow easy addition of request s  to both queues . 

In PASCAL,  such data structure are expressed as follows : 

lock bit record 
s : integer ;  
waiLque : lock-ptr ;  
w_last : lock_ptr ;  
granted_qu e  : lock_ptr ;  
r _tai l : lock_ptr ;  

end ; 

{ s value} 
{ waiting queue} 
{ las t waiting request} 
{ granted queue} 
{ las t granted reques t} 
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whe1'C 
locLpi.r 

lucLlis l 

Fiyu 'l'c 4 - J  D a t a  s f 1'llc iw·c of a lockbit. 

T locLlis t  

record 

Tid 
Tlock 

i n t c:g cr ;  
l ocLf lag ;  

next locLptr ;  
end; 

{ TransacUon ID} 
{ Lad: type R or H'} 

Another difference of a locl.:bit from a. normal semaphore is the change of the 

val ue s .  Generally, both binary scnwphorc and co imfing s cm.aphore do not. allow 

ncgaliuc Mluc , but. this restri ction i s  ignored in this implementation. 

In this implementation, the change of value s in ea.ch lockbit is according to 

the following rules : 

1 .  Vv"hen a data object i s  first added to  t.he d a.t.aba.se , the val ue $ of i ts lod.:bit is 

ini t.i al i  zed t.o 1 .  

2. An arrival of a request. t.o lock a. data. object will decrement. t.he value of s by 

1 .  ( This 1·ule applies to both granted and delayed reques ts. ) 

3. A request to unlock will increment t.he val ue of s by 1 .  

4. Valu e  of 1 indicates that. bot.h wai ting queue a.J J d  grant.eel queue are empty. 
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5 .  A negative or :.ero value for s indicates that. · there i s  at. least one request on 

the waiting queue or granted queue. 

The value of s associate with the locl..'.bit is not as significant as that associate 

with the semaphore . Its value alone cannot decide the grant or denial of a request 

to lock a data object , but it  plays a very important role in semaphore ( see section 

4 - 2 . 1  ) .  The s = 1 value in a lockbit serves as a flag to i n di cate the emptiness .  

At this  stage, single granularity of  lock is  assumed . Record i n  the ' colours ' 

database i s  the only lockable data object . A lockbit i s  allocated to each record 

maintai ned in the database . 

Beside checking the value of s ,  thorough test i s  required on each request 

submitted to the concurrency controller to decide if that request can be granted 

or shall  be delayed. Details about this test will be discussed in next subsection . 

4 . 2 . 3  The Compatibility Test 

In Two- Phase Locking mechanism, decision to grant or delay a request to lock 

a data object is entirely based on the compatibility of the requesting lock and 

the locks currently held at that data object .  Testing of the compatibility of a 

requesting lock is  carried out by the following algorithm : 

ALGORITHM 4 . 1  

Case 1 : 

Supposing transaction Ti is req uesting a Read Lock on data o bject  0 .  

Function Compatible : Boolean ; 
b egin 

find_data_object(O )  ; 
For each granted_request E grnnted_queue d o  

if ( i < > granied_request .Transaction_id) and 
( granied_request . lock_type = W rite _Lock ) 

then 
join_con flicLid_lis t(granted_reques t .Transaction_id) ; 

Compatible := ( conflict_id_lis t  = ¢> )  
end ;  
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Supposing transaction Ti is requesting a Write Lock on data object 0 .  
Function Compatible : Boolean ; 
begin 

find_data_object(O) ; 
For each granted_request E granted_queue do 

if ( i <> granted_request .Trans action_id)  
then 

j oin_con f licLid_list ( granted_request  .Tr ansaction _id )  
Compatible := ( con f licLid _list. = c/>)  ; 

end ; 

We can now make some remarks on the-above algorithm 

1 .  Con f li ct_id_list. is used to maintain the i dentifiers of the active transactions 

which are conflicting with the transaction Ti . ( Note that two transactions are 
in conflict if their locks on a same data object are incompatible. See section 
3. 2. 1. ) 

2 .  In case 1 ,  incompatibility arises when at least one of the granted  requests i s  

a "\iVrite-Lock request submitted by  a transact.ion Tj : where Ti =/= Tj . 
3 .  ln case 2 ,  incompatibility arises when at least one of the granted requests  i s  

submitted by a transaction Tj , where Ti =/= Tj . 
4 .  Live lock is likely to occur in the above algorithm. Note that only the requests  

on the granted queue ( requests currently holding locks ) are tested for the 

compatibility with the Ti ' s  reques t .  This allows the newly arrived request to 

join the granted queue and may then create more conflicts  with the transac­

tions whose requests are on the wiating queue. Such an unfair privilege may 

give rise to the problem of livelock . ( See section 3. 2 . 3  for example) 
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To resolve this livelock problem, addi tional test given in section 3. 2. 3 is in­

cluded. Now,  the compatibility tests are carried out as  follows : 

Case 1 :  
Function Compatible : Boolean ; 
b egin 

find_data_object( O ) ; 
For each granted_request E granted_queue do 

if ( i <> granted_request .Transaction_id)  and 
( granted_request . lock_type = i,v rite _L ock) 

then 
j oin_con f licLid_list (granted_request .Transaction_id)  

else 
if ( i = granted_request .Transaction _id) 
t hen transaction _granted_bef ore : =  True 

if transaction_granted_bef ore or (granted_queue = </>)  
then Compatible := Tr11e 
else 
begin 

For each waiLrequest E waiLq11.eue do until  
( ( waiLrequest .Trans action_id = i )  or 

( all requests are done ) )  
i f  waiLrequest . locLtype = WriteJ,ock 
t hen 

j oin _con f licLid_list (  waiLrequest .Transact ion _id )  ; 
C om patible := ( conflicLlis t  = </> )  

end ; 
e nd ; 
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Function Compatible : Boolean 
begin 

find_data_object(O) ; 
For each granted_request E granted_queue do 

if (i < >  granted_request.Transaction _id )  
then 

j oi n_con fl i cLidJist (granted_r equ est .Tr ans acti on_id) 
else 

transaction _granied_bef ore := True 

if ( not transaction_granied_bef ore) or 
( conl f icLidJisi < > $) or 
( granted_queue = <p )  

then 
For each waiLrequest E w aiLqueue do until 

( ( waiLrequest.Transaction_id = i) or 
( al l requests are done) ) 

j oin_con f l icLid_list( w aiL request.Trans action_i_d )  

Compatible := transaction_granted_bef ore and 
( conj lictzist = <p )  ; 

end ; 

The above revised tests introduce the following new features in Algorithm 4 . 1  

1 .  In case 1 ,  i f  there i s  n o  granted request originated from Ti and there i s  a Write­

Lock request on the wait queue, the Read- Lock submitted by Ti is  considered 

as incompatible. This will disallow the Read- Lock request overtaking any 

request on the wait queue and join the granted queue . 

2 .  In  case 2 ,  as long as there is a waiting request ( Read or Write Lock ) on the 

wait queue and there is no granted request originated from Ti , the Write­

Lock request submitted by Ti i s  considered as incompatible .  Again ,  t his  will 

prevent the Write-Lock from joining the granted queue . 

3 .  Additional control condition , 

do until waiLrequest.Trans action _id = i 

allows Algorithm 4 . 1  to be used to re-check the compatibility of the waiting 

requests once a granted request i s  removed ( ie .  one of the locks has been 

released) .  
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4 . 2 .4 Dynamic Two-Phase Locking 

Implementation of Dynamic Two-Phase Locking presented here is based on the 

following locking protocol ( see sect ion 3 . 2 . 5 )  : 

"Lock the data objec t immediately before each request is made 

and unlocl..· all the locked data objec ts after the last request is 

granted." 

Before proceeding with the detailed discussion of the implementation of this 

locking protocol , format of the req�est-s submitted to t he concurrency controller 

and the strategy used to detect and resolve deadlock are described . 

4 . 2 .4 . 1  Request 

Request to access a data object ( a 'colours '  record m our sample database) 1s  

represented in the following format 

where 

< Tr ansa ction ID > < Access Type > [ < AccessK ey >]  

< Tr ansaction ID > is  the identifier of the site a t  which the transaction 

is  originated; 

< Access Type > includes R ( read access) , W ( write access) and E ( end 
of transac tion) ; 
< Access Key > is the primary key of the data object accessed by this 

request ,  which is  n ame in our sample database; 

( Not.e < Access]{ ey > is omitted if < AccessType > is E )  

I n  PAS C A L ,  the above request format can b e  represented as follows : 
request record 

id int eger ; 
case 

access 

end; 

lock_f lag of 
R, lV ( access_key : str ing ) ;  
E ( ) ; 
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4.2 . 4 . 2  D eadl o ck D etect ion  

As  pointed out  in s ec tion 3. 2. 5 ,  t.he dynamic Two- Phase Locking mechanism faces 

the threat. of deadlock. Detecting and resol ving deadlock i s  a major problem in the 

implementat ion of this mechanism. Such an activ i ty i s  expensive but unavoi dable.  

A C onflict Graph i s  used in this i mplementation t .o detect the occurrence 

of deadlock . The data structure of a node in  this d irected graph i s  shown in figure 

Fig u re 4 - 4  

Data Object 
List -+-..... 

Conflict 

Dal.a s i r ucl11. 1·c of a node of a Conflic t G'raph 

The Data O bject. L is t  maintains a l i s t. of dat.a objec ts which have been re-

quested by t.he · transact. ion. The Conflict. Tm11.�act io 11 Lis t  is a l i s t. consi sts of 

pointers pointing to nodes corresponding to ot.her transacti ons wai ting for thi s  

transaction t o  release i t. s  locks on the dat.a objC'c ts. I n  other words,  the pointers 

maintained in the confl i c t. transact. i on l i s t. ad as di1·ccf. ed arcs  l inking the transac-

tion nodes in the conflict graph . For cl ari ty, we shall call these pointers as c o nflict 

graph arcs .  The NEX T field in the node maintains a point.er poi nting to another 

node corresponding to another acti ve transac t. ion. Omi t.ting the Data Objec t L is t  

and the Conflic t Transac tion L is t ,  the node i s  in fact a node of a F IFO queue 

maintaining all i denti fiers of the acti ve transact. ions. 

In PASCA L ,  this  data stru cture can be represen t.eel as : 
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Nodcptr j N ode; 

Node record 
id integer ;  
obj ecLlist objecLptr ;  
lasLobj ect objecLptr ;  
con f licLlist con f licLptr ;  
l asLcon f lict : conj licLptr ; 
next N ode_ptr ;  

end;  

confiicLptr j con f l icLlist ; 

confiicLlist record 
transaction N ode; 
next con f licLptr ;  

end; 

objecLptr T obj ect ;  

object record 
o.cccss_k ey string ; 
next  obj ecLptr ;  

end; 

Therefore , a conflict graph can be defined as , 

conflicLgraph : Node;  

Given a request. Ri submitted by transaction Ti , the following algorithm is  used 

to construct the conflict graph.  

ALGORIT HM 4 .2  

1 .  If  a conflict graph is  empty ( no active transaction ) ,  create a new node for  Ti 

and make this node a conflict graph;  Ot herwise, i f  a node that corresponds 

to Ti i s  not found in the conflict  graph , create a new node for Ti and add 

thi s  node to  the graph by joining the FIFO queue; Otherwise, find the node 

which corresponds to Ti and add the data object requested by Ri to the Data 

Object L ist of that node. 
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2. If t. he lock requested by R i 011 a. data. object is i n compati ble with the lock /s  
currently held on that. data object. , Ti is  confl ict ing  wi t h  t.he  transa.ction/s ( say 
Tj ) holdi n g  the lock/s ,  then create a new conflic t graph a 1·c from the Conflic t 
Transac tion L ist of the confli cting  transaction ( Tj ) t.o Ti ; Otherwis e, do 
noth ing an d skip s t.age ( 3 )  below. 

3. If a path ca.n be found  by travelli ng along the conflic t graph arcs from the  
node corresponds to T, back to  i tself : there is  a. cyc l e  i n  the  confli ct. graph 
and hence a deadlod: has occurred.  
The  fol lowing three examples show three conflic t. graphs represent.eel i n  the 

proposed data structure. ( Note tha t  the  Data Object L ists are omitted Jo, the  
c larity of the graphs . )  

Example.  Tliree tra11sa.cf.io11s wi t.haul. any conflict . .  

--

Conflict 

Transaction 

List 

Comlict 

Transaction 

List 

Conflict 

Transaction 

Lut 

NIL 

NIL 

NIL 

NIL 
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Example . Th ree transact.ions wit.Ji con flicts b u t. 'n o deadlock . 

NIL 

NIL 

( No t e  that no  path can be found by  f.muclling from a node bacl.: lo itself along the 
lhichr lines. ) 
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Exmnple.  Tliree conflic t.ing t.rnnsac t.ions ,vit.h dcacllock. 

--

Transaction 

List 

NIL 

NIL 

( Nole t.herc is a pat.h from a node bad to its e lf by { ravel ling along the I.hider  lines. ) 
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4 . 2 . 4 . 3  Implementation 

( P7'0gram based on the following algorithms is presented in Appendix A ) 

Top Level Algorithm 

The following algorithm is  the top level algorithm of the dynamic Two- Phase 

Locking mechanism. 

ALGORITHM 4.3 
Repeat 

g eLnexLrcquest( request) ; 
case r equest .access of 

R, TV begin 
update _confiicLgraph( request) ; 
dblock( r equest)  ; 

end ; 
E end_transaction(request. id) ; 

end ; 
Unt il eo f ( t .rans f i l e )  ; { Until True; - in actual practice } 

Algori thms of the three major procedures - update_confiic Lgraph , dblock and 

end_fransaction - are given below. 

S uppose R i i s  a request originated from transaction Ti . 

up date_conflict_graph(Ri ) 

This procedure is  an expansion of step one of Algorithm 4 . 2 .  In short , i t s  

task i s  to  add a new transaction node for T; into the conflict graph or  update the 

object l ist of the transaction node that corresponds to Ti . 
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ALGORITHM 4 .3 . 1  
if con f l icLgr aph = NIL then 

b egin 
Ti _node := cr eate_new_node (Ri )  ; 
conflicLgr aph := Ti _node ; 
lasLnode := Ti_node ; 
{pointing at the most recently added node } 

end 
else 

if not node_found(i,Ti _node) then 
{ Ti is a new transac tion} 

begin 
Ti_node := cr eate_riew_node( Ri)  ; 
add_node_to_gr aph(Ti _node) ; 

end 
else 

{ node corresponds to transaction Ti is found in the graph} 
add_obj ect( Ri.access_key,  Ti _node) ; 

dblock(Ri ) 

This procedure attempts to lock the data object ( say 0)  requested by R i .  It 

is  the expansion of step two of Algori thm 4 .2 .  Note that the compatibil ity test 

proposed earlier ( sec Algorithm 4 - 1 ) is used here. The algorithm is  as follows : 

ALGORITHM 4 .3 . 2  
0 : =  find_data._obj ect( Ri .access_key ) ; 
if  O.lockbit.s > 0 then 

begin 
s end_to_dat.a_manager( Ri ) ; 
j oin_queue( R i ,  0 . lockbit .gr a.nted_qu eue) ; 
O.lockbit .s := O.lockbit.s - 1 ; 

end 
else 

begin 
if  compatible ( Ri ,  conflicLid_list )  then 

begin 
s end_to_data_manag er (  Ri ) ; 
if no_other _granted_r eq·uest( i )  then 

{ Ri  is the first granted request from Ti } 
begin 

j oin_q·ueue( R i ,  0 . lockbit.gr anted_queu e )  ; 
O.lockbit.s : =  O. lockbit.s - 1 ; 

end 
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else 
b egin 

previous_request := jind ( i ,  O .lockbit .granted __q_ueue) ; 
if ( Ri .access = W )  then 

previous _request .acces s  := W ; 
end 

end 
else { not compatible } 

b egin 
join_queue(Ri , 0 . lockbit .waiLqueue) ; 
0.lockbit . s  := O . lockbit . s  - 1 ; 
add_arc_to_conf licLgraph( Ri . id ,  conj licLid_list ) 

end 
end ; 

In the above algorithm, the procedure add_arc_to_confiicLgraph is the most 
i mportant procedure in the implementation of the Dynamic Two-Phase Locking 
mechanism. It consists of a deadlock detection mechani sm which checks for the oc-
currence of cycle in the conflict graph each t ime a conflict arc is added. Algorithm 
of this procedure is shown in ALG O RITHM 4.3 .3 .  
ALGORITHM 4.3 .3  

add_arc_to_conflicLgraph( Transaction_id,  conjlicLid_lis t )  

i f  node_jound( Trans action_id, Ti _node) then  
For each conjlicLid E conjlicLid_list  d o  

For each node E conjlicLgraph do 
if node.id = conjlicLid then 

b egin 
{ create new conflict arc } 
N EVV ( conjlicLarc)  ; 
con jlicLarc i . transaction := Ti_node ; 
conjlicLarc i .next :=  NIL ; 
if node i .conj licLlist = NIL t he n  

node T .conj licLlist : =  conj licLarc ; 
node T . lasLconjlict := conjlicLarc  ; 
node T . lasLconjlict := node T . lasLconjlict i .next ; 
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if path(Ti _node, node) t hen 

end ; 

{ cycle detected - deadlocl.· } 
b egin 

r emove_ar c( conj licLar c,  conj licLg r aph)  
end_transaction (  i )  ; 
aborLiransaction( i )  

end ; 

Function path in the algorithm is used to  find a p ath from the transaction 
node ( Ti _node) to its conflicting transact ion node (node) . As the confli ct arc is 
added into the conflict graph fr�m node to  T1 _no de, a p ath  found from Ti_no de 
to node means that there is a cycle in the graph and therefore deadl ock exists. 
Path is a recursive function which recursively  calling itself to search through all 
possible paths extended from Ti _node. Algorithm 4.3.4 shows the algorithm of this 
recursive function. ( Note that this algorithm is the e:rpansion of the third s tep of 
A lgor ithm 4. 2. )  
ALGORITHM 4 .3 .4  : pat h( Ti _node, node) 

if  node T . id = Ti_node T .conj licLlis t T . t r ansaction T . i d  t hen 
pat h : =  true  { cycle de tected } 

else  
For each t r ansaction ...node E 

Ti _node T .con f licLlis t  T . t ransaction T . conj licLlis t  
until (path is found) 01· ( all transaction_node are done } 
if paih (T1 _n ode, tr ansact ion _node)  t hen 

path := true ; { cycle detected } 

end_transaction( i d) 
This procedure deletes the transact ion node from the conflict graph, unlock all 

data objects locked by the transact ion and inspects the new st.ate of each waiting 
queue associate with the unlocked data objects. The algorithm of this procedure 
is shown in Algorithm 4.3.5. 



Chapter 4 :  Implementation of Concurrency Control Mechanisms 75  

ALGORITHM 4.3 .5  
if node_f ound( id, node) then 

b egin 
remove_node( n ode) ; 
with node T do 

For each obj eci E obj ecLlisi do 
begin 

0 := f ind_daia_objeci (objeci . access _key) 
db_unlock( 0, id) ; 

end ; 
end ; 

Algorithm 4 .3 . 6  and 4 .3 .  7 given below present t he algorithms of the two pro­

cedures db_unlock and check_waiLrequesLstate. db_unlock unlocks all the data 

objects locked by the transaction. checLwaiLrequesL siate i nspects the new state 

of each waiting queue associates wi th the unlocked objects by re-testing the com­

patibility of each waiting request . ( Notice that compatibility test given in Algorithm 

4 . 1  is used again here. ) 

ALGORITHM 4.3 .6  db_unlock ( Object , Transaction .id )  

with Object do 
b egin 

For each granted_request E lock_bit .gran ted_qv eue do 
if granied_request.id = Transaction _id then 

end ; 

begin 
lock_bit.s := lock_bit .s + 1 ; 
remove _request( granted_request ,  lock _bit .granted_queue) 

end ; 
check_waiLreqv.esLstate( lock_bit )  ; 

ALGORITHM 4 .3 .  7 : check_waiL requesLstat e  ( lock-bit ) 

with lock_bit do 
For each waiLreq11.esi E waiLqv.eue do 

if compatible( waiL request ,  con j licLid_list ) then 
begin 

send_to_daia_manag er( wait ...request ) ; 
remove_request( wait....requesi ,  w ait ...ij ueue)  ; 
join_queue( waiLrequest,  granted...ijueue) 

end ; 
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4 . 2 .5 Pre-transaction Two-Phase Locking 

The implementation of Pre-transaction Two-Phase Locking is simpler than Dy-

namic Two-Phase Locking. However, the class of the correct schedules that it can 

recognize is smaller too ( See section 3 .2 .5  ) .  As discussed in section 3 .2 .4 , the 

locking protocol of this mechanism is 

"Lock all the data objects accessed by the transaction prior to 

the arrival of the first request of that transaction and unlock all 

the data objects after the l�st .request is granted." 

Before the detailed discussion of the implementation of the above protocol, 

a revised format of the requests submitted to  the concurrency controller and the 

data structure of a linear linked list used to maintain the information about t he 

active transact ions are described. 

4 . 2 .5 . 1  Request 

In order to cat.er for the lock request submitted prior to the submission of the 

transaction , the format of the request given in section 4 . 2. 4 , 1 is revised as follows 

where 

< Transaction ID > < A ccess Type > 

[ <  Access Key > 
< Obj ect Locks > { < Object Locks > }] 

< Object Locks > : = =  
< Lock Type > < Obj ect Count > < A ccess Key > { < A ccess Key > }  

< A ccess Type > includes R ( read access ) ,  vV ( w1·ite access ) ,  E ( end of 

transaction) and L ( lock request ) ; 

< Object Locks > applied only when < A ccess Type > is L ;  

< Lock Type > includes R ( read loci..'. ) and W ( write lock ) .  

< Object Count > indicates the number of data objects accessed with 
access type specified in the parameter < L ock Type > preceded it ; 
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1 L R 1 john W 2 jenny jerry 
1 R john 
2 L W 1 jim 
1 W jenny 
2 W jim 
1 Vv jerry 
2 E  
1 E 

Fig ure 4 - 5  Examples  of 1'cqucs t 

( Fig ure 4 . 5  shows a few examples of the request . )  

Notice t.hat. the requests t.o lock U1�-data  objects are done in  one single atomic 

action .  This is to prevent the interleaving of t.he lock requests  from different trans-

actions.  Allowing interleave of lock requests will cause the problem of deadlock 

whid1 the pre-transaction Two- Phase Lockin g  mechani sm is  avoi ding.  

4 . 2 . 5 . 2  Ac tive Trans act ion List 

Since deadlock does not. exis t. jn  this mechanism, i t. i s  unnecessary to  maintai n  a 

conflict. graph and a deadlock det ection mechanism.  ln t. he implementation of the  

dynamic Two-Phase Locking mechanism, information about an active t ransact. ion 

are maintained in a confli ct graph.  VVi t.hout. t.he confl i c 1  grap h ,  these information 

are maintained in  a. linear l inked li s t  which i s  called l ra 11 sac.:l ion_lis t in th i s  im-

plement.ation. The data structure of a uoclc in t.h i s  l inkc<l l i s t. i s  shown i n  fig ure 

,{ . 6 . 

Figure 4 . 6 

Wait RcquC3t 
Count 

Data s fnlc l u rc of a node m the tra nsac t ion lis t .  
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In PASCAL, this data structure can be represented as : 

where 

active_ptr T active_transaction ; 

active_transaction record 
id  : integer 
w aiLrequesLnumber : integer ; 
obj ecLlist : obj ecLptr ; 
l asLobj ect : obj ecLptr 
next : active_ptr 

end ; 

waiLrequesLnumber indicates --t-he numbe1· of lock requests which have not 

been granted. 

4 . 2 .5.3 Implementation 

( Program based on the following algorithms is presented in Appendix B ) 

Top Level Algorit hm 

The algori thm of Pre-Transaction Two-Phase Locking mechanism is rather 

simple. Algorithm 4.4 shows the top level algorithm of this mechanism. 

ALGORIT H M  4.4 
Repeat 

geLnexLrequest( request ) 
case request.access of 

L neudr ansa.ction (request ) 
R, iv send_to_data_manager( request ) 
E end_tra.nsaction (request . id ) ; 

end ; 
Until eo f ( trans f ile) ; { Until True; - in actual practice } 

The two major procedures rn this algorithm are new_transaction and 

end_transaction . The simplicity of this algorithm is that each read or w rite 

request arrived at the concurrency controller is sent to the data manager immedi­

ately. No compatibility test. is required upon the arrival of each request as all the 

tests have been done in new_transaction when the lock request is submitted . 
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ALGORITHM 4.4 .1  : new_transaction ( req iL.est )  

{ create a new transaction node } 
N EW(node) ; 
with node T do 

b egin 
id := r equest .id ; 
waiLr equesLnumber : =  0 ; 
obj ecLlist := NIL ; 
l asLobj ect := NIL ; 
next := NIL ; 

{ attempts to lock all _data objects accessed } 
lock_access _obj ect( r eque-st, obj ecLlist , 

l asLobj ect , waiLr equ.esLnumber ) 
end ; 

{ add new transaction node to the active transaction list } 
add_node_to_list( trans action_l ist) ; 

In the above algorithm,  the procedure l ock_access_obj ect at tempts to lock 

all data objects specified in the lock request _ If all locks are granted , the site at 

whi ch the transaction originated is signaled to sen d  the rest of the transaction ;  

otherwise , the transaction is delayed until all locks are granted. Algorithm 4.4_2 

illustrates the algori thm of this procedure . 

ALG ORITHM 4.4 .2  
lock_access_object 

( request ,  obj ect _list, lasLobj ect , waiLrequ es Lnumber ) 
For each requesLobj ecLlock do 

For each r equest _objecL lock .access_key do 
b egin 

add_obj ect( request .object _lock .access_key,  obj ecLlist ) 
0 := find_data_obj ect ( r equest .obj ecL lock . access_k ey ) 
dblock (  0,  request, requesLobj ecLlock .access_k ey, 

waiLr equest _num.ber ) 
end ; 

if waiLr equesLnumber = 0 

then s ignaLal Llock_granted( r equest . id )  

T he procedure dblock is  slightly different from the dblock procedure presented 

rn Algorithm 4-3 .2 - The changes are made to cope with the differences between 

the two different locking protocols_ A revised algorithm of this procedure is given 

in Algorithm 4 -4 _3_ 
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ALGORITHM 4 .4 .3  

dblo ck( Object, request ,  access J,:ey, w aiLrequ esLnumber ) 

with Object do 
b egin 

if lock_bit.s > 0 then 
b egin 

join_queue(request , lock_bit.granted_queue)  ; 
lock_bit.s := lock_bit .s  - 1 

end 
else 

if compatible(request, conj l icLid_list ) t hen 
{ compatible } 

end ; 

if  not in_granted_queue( request .id )  then 
begin 

join_queue(request ,  l ock_bit .granted_queue) ; 
lock_bit .s  := lock_bit .s  - 1 

end 
else { not compatible } 

begin 
join _queue( request ,  l ock_bi t .waiLqueue) 
locLbit .s := lock_bit .s - 1 ; 
'Wait _r equest _nu.rnber := wait  _request _number + 1 

end ; 

ALGORITHM 4 . 4 .4 : end _transaction ( Tr ansaction_id )  

remov cnode( Transaction _id, node) ; 
{ remove nodf. from the transaction list } 
with n ode T do 

For each object E obj ecLlist  do 
begin 

0 := find_data_object ( object .access_key) ; 
db_unlock ( 0 ,  Transaction_id) ; 

end ; 

Notice that Algorithm 4.4 .4 i s  similar to Algori thm 4 . 3 .5 ,  except that the node i s  

removed from the  transaction list instead of  a conflict graph. 

The procedure db_unlock releases all  the locks held on the data object ( 0 ) 

by the transaction ( Tr ansaction _.id) and checks i f  any of the lock requests on the 

wai ting queue can be granted due to the release of locks . The algorithm of this  

procedure i s  similar to Algorithm 4 .3 .6  and therefore not  repeated here . However, 

the procedure check_w aiLreq1tesLstate is slightly different. The revised algori thm 
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of this procedure is given in Algorithm 4.4.4 . 1 .  

ALG ORITHM 4 . 4 . 4 . 1  : check_waiLrequesL.state ( lock_bit)  

wit h l ock_bit do 
For each waiLr equest E waiLqueu e  do 

if  compatible( wait....:request, conj l i cLid_list ) t hen 
b egin 

remove_r equest( w aiL .request ,  w aiL .queu e  ) ;  
j oin_queu. e( waiLr equest , granted _qu. eue)  ; 
if node_f ound( waiLr equest .id ,  node) then 

n ode T .waiLr equesLnumber : =  

node T .waiLrequesLnumber - 1 ; 
if node T .waiLr �qu.est=.number = 0 then 

signaLalLlock_granted( waiLr equest .i d )  
end ; 

4 . 2 .6 M ultiply- Granular Lock 

In sec t ion 3 .2 . 6, we mentioned that a concurrency controller with single granularity 

of lock is normally inefficient in practice. To improve its efficiency, M ultiply-

Granular Lock scheme is introduced. In [G RAY77] , such locking scheme is 

supported by hierarchi cal lock strategy. 

Based on the hierarchical lock strategy, the whole database is organized in a 

hierarchy, such as a tree. Each level of the tree corresponds to a granularity of 

lock. To lock a data object in the tree, all nodes along the path from the root 

to the node corresponds to the object must be locked with appropriate intention 

locks. Failure in getting lock on any of these nodes will delay the request at that 

level until the lock is granted. Grant and denial of lock on a node is based on the 

compatibility of the requesting lock and the existing locks held at that node. ( See 

figure 3 . 1 3  for the compatibility matrix. )  

To implement this type of locking strategy, concurrent programming tech-

nique based on monitor can be used. In the following subsections, definition of 

monitor , reasons of using monitor and details of incorporating the locking strategy 

in dynamic Two-Phase Locking mechanism will be given. 
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4 . 2 . 6 . 1  Monitor 

The concept of monitor was first conceived by Dijkstra [DIJ K71 ]  and later ;efined 

by Brinch H ansen [BRIN73] and Hoare[H OAR74] . It was initially proposed for 

resolving synchronization problems occured i n  Operating Systems,  but later proved 

to be very valuable for other applications which suffer from the similar problems . 

A monitor i s  a programming construct t hat consi sts of a set of variables 

and procedures managing a shared hardware or software resource. A process 

attempt s  to access a shared resou_rce_ ha�_to invoke one of the procedures contained 

in the corresponding monitor . One restriction of the invocation is that no other 

processes are executing any of the procedures residing in the same monitor while 

the invocation is made. By enforcing this restriction , mutual exclusion of t he access 

to the shared resource is gauranteed and hence various sychronization problems 

are avoided . 

One may view a monitor as a closed enclosure with only a single entrance and 

exi t .  A process is not allowed to enter the monitor ( by invoking a procedure) if 

there is  another process in i t .  P rrocesses which are disallowed to enter a monitor 

will be blocked outside the monitor until the monito1· is released . A FIFO queue is  

nonnally maintained for the delayed processes . The first process on the queue will 

be immediately awakened and enter the monitor once the process in the monitor 

has left . Again,  certain synchronization primitives are required to 'delay' ( or w ai t )  

a process and 'signal' delayed process t o  proceed. 

]11! onitors  gaurantee the mutually exclusive access to the shared resources , 

but may result in unnecessary delaying and addi tional overhead in  queueing the 

processes . The rather rigid restriction described above is much appropriate for 

monitors  administer the hardware resources , such as printers, which allow only 

one process at a time; but it also proved to be very inefficient to certain resources, 

such as database .  The best example to illustrate the rigidity of the restriction is 

the Readers and W1·iters problem.  This problem was first introduced by Courtois ,  

Heymans and Parnas [COUR71 ] and solved by Hoare [HOAR74] by using m onit or s .  
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Based on the restric tion mentioned above , not more than one reader is allowed 

to access a shared resou rce (say a <lat.abase) simultaneously, even when their ac­

cesses will not change the invari ant ( the da tabas e consis tency)  of the correspond­

ing monitor.  Therefore, unnecessary delay and lower degree of concurrency are 

result.eel.  By relaxing t.he restrict. ion,  a solution to solve the Readers and liVrit c rs 

problem by u sing moni tors was suggest.eel by H oare [H OA R74] . Based on Hoare's 

solu tion,  more than one readers are allowed to access the database simultaneously, 

but a. writer has the sole excl usive �ccess to the entire dat abase. Not. ice t .he simi­

l arity of t his  syncronizat.ion st.rat.egy and Two-Phase Locking protocol mentioned 

earlier. 

4 . 2 . 6 . 2  M o nitors and Hierarchical L o ck S trat egy 

As menl.ioned earlier: t. he hierarchi c al lock strategy assumes that. t.he database i s  

organized a.s a hierarchical struct.ure.  Each level of t h e  hierarchy corresponds t o  

a class o f  resources and a. gra.nu l ar� t.y o f  lock . For example ,  consider a database 

whi ch can be organized in a tree struct ure as depi c t.eel in  figure 4- 7a , its resource 

hierarchy will be as shown in  figmc 4 .  7b . In the rest. of this s ubsection , this example 

will be used to i l lust.rate the appli ca.t.ion of monitor in the implementation of the 

hierarchical lock strategy. 

Dl11llbase 

c a > 

Fig u re 4 .  7 Dal.a Base Hie ra rch y 
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Suppose there is only a single granularity of lock ( say a reco1·d ) and dynamic 

Two-Phase Locking mechanism is used to schedule the requests to access these 

records . One can consider each record is corresponding to a monitor ,  a monitor 

that consists of only a variable which maintains the record's state. A request to 

access a record will be delayed on the waiting queue associates with the corre­

sponding monitor , if it fails  the dynamic Two-Phase Locking protocol. 

Next, suppose there is another granularity of lock which is coarser than a 

record, say a file. A monitor can be constructed to enclose all the variables and 

procedures ( such as the conflict graph a�d deadlock detection mechanism) required 

to support the dynamic Two-Phase Locking mechanism on the records .  A request 

to access a record has to acquire an appropriate intention lock on the file where the 

record is residing before it can enter the monitor . Requests that fail to acquire an 

intention lock on the appropriate file are blocked outside the monitor and delayed 

on the waiting queue associates with that file. Vve shall call this monitor as record 

monit or. Also:  a request to read or write a file has to acquire an appropriate lock 

( non-intention) on this file before it can be granted. Once the lock is granted, the 

request can be submitted to the data manager immediately without entering the 

record monitor. 

When another coarser granularity of lock ( say an area ) is  considered, a sim­

ilar monitor construct can be built. by enclosing all the variables and procedures 

required to support Two- Phase Locking mechanism on the files into it. On ad­

dition, the record monitor described in last paragraph is included too. Like the 

record monitor ,  this file monitor has its own conflict graph and deadlock detec­

t.ion mechanism. The only difference is that the graph is built at the file level .  

All conflicts occur when the requests are attempting t.o  acquire the lock ( intention 

or non-intention ) on the files will be added into this graph. Similarly, a request 

will not be allowed to enter the file monitor until it has acquired an appropriate 

intention lock on the area where t.he specified file is contained. A concurrency con­

troller that support. the hierarchical lock strategy on the database given in figure 

4 ,  7 will have the nested monitors structure as shown in figure 4 , 8 . 
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Database 

Area Ma:tl tcr 

File Monitcr 

/ ", 
Rea:rd Mcnitcr 

Figure 4 , 8  Nes ted .Monitors 

4.2 .6 .3  Implementation 

As monitor construct. is  not offered in PA S CA L ,  procedure will be used t.o simulate 

i t.. ]nst.ea.d of n o t ed monitors , n es led proccd u r ·o are construct.eel t .o implement. the 

hicrarchical lock strategy. The program struct u re of t.he concurrency cont.roller is 

shown in fig u1 ·e 4 . .9 .  

All procedures are identical. All of  them have a conflict. graph , deadlock detec­

tion procedure and other procedures required t.o support. the  Two-Phase Locking 

mechanism. T he only difference is that. they a.ct at. different. levels of the database 

hierarchy. 

In section 4 .2 .4 , implementation of dynami c T wo-Phase Locking mechanism 

was discussed. T he implement.at.ion presented there assumed that. the single gran­

ulari ty of lock is used. Suppose the granularity of lock is a record which is the 

finest. grain in the database hierarchy given in figure 4, 7, a record monitor can 

be constructed by enclosing all the procedures and variables developed in that 

subsection into a procedure .  

To build a coarse 1· monitor,  say a. file monitor, si milar approach can be used. 

Instead of records, the accessible data objects are files. All procedures are per-
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program Concurrency Controller ; 
procedure Scheuler(reqv.est ) ; 

procedure Area-111onit or (r eques t )  ; 
procedure File-111 onit or (  request ) 

procedure Record-111 onitor( r equest ) 
begin 

{ Record..Monitor 's Body} 
end ; 

begin 
{ File_Monitor 's Body } 

end ; 
begin 

{ Area..Monitor 's- Body -} 
end ; 

begin 
{ Scheduler 's Body } 

end ; 
begin 

repeat 
GeLrequest (  reques t )  ; 
Scheduler(  request ) ; 

until Tn,.e ; 
End. 

Fig ure 4 - 9  Progmm sfructure of t h e  Concur1·ency Controller. 

formed at the file level and the file lock bits ( instead of record lockbit ) are admin-

istered. 

To support a concurrency cont.roller which allows two granularities of lock, 

file and record, record m onitor i s  included into the file monitor as a sub-monitor. 

Of course, certain modifications have to be made to  both monitors to support the 

hierarchical lock strategy. These modifications a.re : 

1 .  Request -

A request. submitted t o  the concurrency controller has to  include both the 

identifier of the target record and the identifier of the file in which this  record is 

residing. The granularity of lock ( fi le  or record)  must be specified in each request 

as well . Hence , the following information mus t. be supplied by each submi tted 

request . 
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a .  < Transaction I D  > - i dentifier of the site at which the tran saction i s  origi-

nated; 

b. < Access Type > - includes R ( read access ) , W ( write access) and E ( end of 

transaction) ; 

c .  < Granularity > - granularity of lock requested ,  ei ther File  or Recor d. 

d .  < File I D  > - file identifier, such as file name ; 

e. < Recor d! D > - record identifer,  such as record primary key; 

Note that information c, d and e are omitted if the < Access Type > is E .  ) 

Two examples of the request are given below. 

Example 

Suppose, 
< Access Type > 
< Granularity > 
< File ID > 
< Recor d ID > 

= R  
= File , 
= 'student 1 , 
= 'C.J.Dat e '  

whicl1 is a request to read a st udent record of the student named 'C.J. Dat e '. 

The granularity of lock suggests that the transaction from which tl1is request is 

originated attempts to read all the records in the student file. Hen ce, if the read 

lock is granted or has been granted to this transaction in the file monitor , that 

implies that the transaction has gained a read lock on the student file and the 
request can be directed to data manager witlwut locking the student record of 

'C. J.Date '. 

Example 

Suppose, 
< Access Type > 
< Granularity > 
< File  ID > 
< Recor d  ID > 

= vV 

= Record , 
= 'stu dent' , 
= 'C.J.Date' 

which is a request to update a st udent record of the student named 'C.J. Date '. 

The granularity of lock indicates that this request attempts to update this record 

only. To update this record, the request must first obtain a IW lock on the student 

file. Once the lock is granted, the request, can then en f.er the record monitor and 
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reques t  a write  lock on the  s tudent record of 'C.J. Date '. The request will not  be 

s u bmit ted t o  data manager till the write  lock on the record is  granted. 

2. T he Compatibility Testing Function 

In the implementation of the dynamic Two-Phase Locking mechanism, a com­

patibility testing function was developed to evaluate the compatibility of a request. 

This function was designed to support the compatibility matrix which only con­

sists of read lock and write lock ( s ee figure 3 . 3 ). Obviously, this function can 

-only be used in the record monitor but not other monitors support the coarser 

grain locks . Therefore, a revised version of the function is required to support 

the multiply-granular lock compatibility matrix ( s ee figure 3. 1 3  ). The algorithms 

given in sec tion 4 .2 . 3  for handling requests requesting read lock and write lock are 

remained largely unchanged, except the conditions for a read request to join the 

conflict list required some minor modification. T he new conditions are : 

a.  ( i < > granted_req1lest .Transact ion_id)  

or 

an d ( grant.eLrequ est .. locLtype in [IW, vV] ) 

b. waiLrequest .lock_t ype in [IT,V, vVJ 

The algorithms to handle the requests requesting intention locks (JR or HF ) are 

similar to the algorithm handling read-lock requests . Again , the differences are 

t heir conditions t.o join the conflict list . 

Case 1 .  The request is requ es ting an in tention read lock (IR) .  

Tl1e required conflict con ditions are : 

a. ( i < > granteLrequest .Transact ion_id) 

and ( granted_request .lock _type = W )  

or 

b.  waiLrequest . locLtype = l,V 

Case 2 .  The request i s  requesting an in tention wri te  lock (IvV ) .  

The req uired conflict con ditions are : 
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a.  ( i <> gr anted_r equest.Tr ans action _i d) 

or 

b. 

and (gr anted_r equest . lock_type in [R, W] ) 

w aiLr equest. lock_type in [R, W] 

3 .  Granted Requests 

In the implementation of a dynamic Two-Phase Locking mechanism, a request 

1s  directed to the data manager once its lock on the data object is granted. The 

-output strategy is slightly different here:- If a request obtains an intention lock in a 

m onitor , it will be submitted to the sub-monitor; otherwise,  i t  will be sent to t he 

data  manager. In the other words,  if the granularity of the lock obtained by the 

request is coarser than the grain size that it specifies , the request is submitted to 

the sub-monitor .  As an example, if the grain size specified in a request is a record, 

this request will not be submitted to the data manager until a lock is  granted in 

record monitor . 

4.3 Tin1estan1ping 

Even though the Timestamping mechanism is claimed as a non-locking mechanism, 

i ts  strategy of excluding older conflicting transactions from accessing a data object 

i s  equivalent to a lock operation. B ased on this argument , semaphore is used in 

the implementation of the Timestarnping mechanism. 

In the implementation of Two-Phase Locking mechanism, "lockbit" 1s  allo­

cated to each accessible data object. as a semaphore ( see section 4 . 2. 2 ) . In this 

section, another type of semaphore is introduced to implement the Timestamping 

mechanism. This semaphore is called "timebit" .  Similar to l ockbit, tirnebit i s  as­

si gned to each accessible data object s in the database . As the data st. ructure and 

function of the timebit are different in pre- t ransaction and dynamic Timestamping 

mechanisms, they will be described separately when the implementations of the 

two mechanisms are di scussed. 
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4 . 3 . 1  Pre-Transaction Timestamping Mechanism 

As mentioned in section 3.3 . 1 , pre-transaction Timestamping mechanism requires 

a transaction to provide the syntactic i nformation, such as timestamp of the trans-

action, prior to the submission of the first request of the transaction . Based 

on these i nformation, the concurrency controller can then perform the following 

scheduling protocol : 

"A request to access an object is granted if all conflicting 1·e­

quests from the older tr{_Ln�actions on the same object have been 

granted." 

To implement this protocol, an essential primitive construct , namely t imebit , 

i s  required . Descriptions of this construct ,format of the request and a linked list 

maintaining the timestamps of the active transactions will be given below before 

the detailed implementation is discussed . 

4 .3 . 1 . 1  Request 

In this  implementation , request to access a data object. i s  represented in the fol-

lowing format 

or 

where 

< Transaction I D  > < Req1test Type > < Access Key > ,  

if < Request Type > E  {R,  W } .  

< Transaction I D > <  Request Type > <  Syntactic Info > 
{ < Syntactic Info > }  

if < Request Type > = P. 

< Syntactic Info > := =  
< Access Type > <  Obj ect Count > <  Access K ey > { < Access Key > }  

< Request Type > includes R ( read request ) ,  W ( write request ) and P 
(pre-transaction information) ;  
< Access Type > includes R ( read acces s )  and W (write acces s ) ;  

< Object C o·unt > indicates the number of data objects accessed with access type 

specified in the parameter < Access Typt > preceded i t ;  
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Notice that the format of the request i s  very similar t o  the format presented in 

the implementation of pre-transaction Two-Phase Locking mechanism ( s ee s ection 

4 . 2 . 5. 1 ) , except that notification of end of t ransaction is not required in this 

mechanism. 

4 . 3 . 1 .2 Timebit 

In order to implement the pre-transaction Timestamping mechanism, two queues 

are allocated to each data object . These two queues are read-timestamp queue 

-and write-timestamp queue. Wlien the syntact i c  information of a transaction is  

provided, the timestamp of this  transaction will be attached to one of these queue 

associate wit h  the accessed data objects .  For example, a transaction reading data 

object O will leave i ts  timestamp ( say t i ) on the read-timestamp queue associate 

with O prior to the first request of the transaction is  submitted. Therefore, before 

a transaction is submitted to the concurrency controller, all data objects that this 

t ransaction is going to access should have its timestamp in the read-timestamp 

queue or write-stamp queue. A timestamp will not be removed from the queue 

until the following conditions are met . 

( 1 )  The corresponding request has arrived ;  

( 2 )  T here is  n o  smaller timestamp o n  t h e  wri te-timestamp queue; 

( 3 )  If this timestamp is on the wri te-timestamp queue , there must not have any 

smaller timestamp on the read-timestamp queue. 

Not.i ce t hat these t hree condi tions are adequate to ensure the conflict serializ­

ability of the output schedule. Figure 4 , 1 0  shows the data structure of a timebi t .  

Each node maintained i n  the timestamp queue consists of three fields .  These three 

fields are 

( 1 ) Transaction timestamp - an integer value; 

( 2 )  Transaction ID - an integer value; 

( 3 )  Arrived - a boolean value indicates the arrival of the corresponding request .  

( Note  that  times tamp is cons ide red as an incre mental  integer value in this imple­

mentation . )  
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Fiy tL1'C 4 , 1 0  D a ta Strucf 1u·c of a t imc bit. 

In PA SCAL,  t.he dat.a structure  of t.he t.inwbit. is expressed as follows : 

where 

t. im cbit  record 
rcad_t. im.c st am p_q'll. e u. c  
l asf _read _t ·im f s f  arn p 
writ c Jim es t  amp_q uc u c  
last_write _t imcsfa.mp 

t im es l  amp_pfr; 
t. im esiamp_pf r ;  
tini c s famp_pfr; 
timcsi amp_pfr ; 

end ; 

f i111 cst am.p_pfr 
timc_s f.amp 

T t -irne_s f.amp; 
record 

sf.a.nip 
id 
arr·i vcd 
next  

end ; 

{ Tra.n s a.cf ion t imest.amp} 
{Tran sact ion ID} 

-in t eger ;  
integer; 
boolean ; 
t imcs ta.mp_pfr; 

4 . 3 . 1.3 Active Transaction List 

Similar construct. was described in sec t ion 4 , 2 . 5 . 2 .  This linear linked list is used 

to maintain the syntactic information about. all the act ive transactions. The infor­

mation include the transact.ion identifier and the corresponding timestamp. The 

data structure of each transaction node maintained in this list is given in figure 

4 - 1 1 . 
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Figm·c 4 - 1 1  

Transaction 
Timestamp 

Data strncture of a node of the transaction list. 

In PASCAL, this data structure js expressed as follows : 
t ransaction _ptr 

transac t ion J is t  

1 t.ransa.ciion Jist ;  

record 

id : in t eger;  
t imcst.a.nip : -in t eger; 
nc:d : t.ra.n sacfion _pt r ;  

end ; 

In t.he  implen1cntat. io11 : a poin t.er lasLt. ran s acfion i s  used t.o poin t  at. t.he last. 

transact.ion 011 t. he  li ::d. whi ch  is also t. l ie  youngest. t. ra.nsa.dion. 

4 .3 . 1 .4 Implementation 

( Program bas ed on the fol lowiny ulyo rilltms is  p re s en t ed rn Appc ndi.r D ) 

Top Level Algorit h m  

The top level algori thm of t.h e  pre- t.ra. 1 1sadio11 Ti mestamping mechani sm i s  

gi ven i n  Algori thm 4.5. 

A L G ORITHM 4 . 5  

rep e at 

gcLn cxLrcq-ncsl (  reques t ) ;  
tim e  s t amp := t .ransa.ction _t imcsia.mp( req uest  .id) ; 
if  rcq u.cs t  . .  a.cecss = P 
t he n  cla.im_a.lLobj cci ( rcq·u.es t ,  t ime s t.amp) 
else proeess Jequcst. (  request ,  t. im es t  a.mp ) ;  

unt il cof ( t.ra.nsfilc ) ; { l lnlil Trnc ;  - in actual pract ice } 

In Algori thm 4.5, there are three major procedures ,  t hey are 
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1. transaciion_timestamp( id)  - a function tha:t generates or ret urns a corre­
sponding t imestamp given the id of the transact ion. 

2. cla·im_alLobj eci(  request ,  time stamp) - a procedure which assigns t ransac­
t ion's t imestamp to the t imes tamp queues ( read or write) associate with 
each of t he data objects requested by the transaction. 

3. process_request(request ,  times tamp) - a procedure which grants or delays the 
requests submitted to the concurrency controller. Also, it is the most impor­
tant procedure in the implementation of the pre-transaction Timestamping 
mechanism. 

Detailed algorithms of these three procedures are given below. 
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ALGO RITHM 4 . 5 . 1  : transaction_t imestarhp ( tr ansaction .id) 

i f  t ransactionJist = NIL then  
{ empty transaction list} 
b egin 

{ cre at e  new trans action node} 
N ew(node ) ;  
with node T do 

b egin 
id := transaction.id; 
time stamp :=  1 ;  { the oldest transaction} 
next :=  NIL ;  

end ; 

j oin_transaction -1ist( node) ; 
t r ansactionJ,imestamp :=  1 ;  { RETURN} 

end 
else { transaction list not empty} 

b egin 
For e ach transaction ...node E transaction .Jist do 

unt il ( all fransaction_node don e)  or  ( n ode_f ound)  
node-f ound := ( tr ansa.ction_node T . id = t r an s action _id ) ;  

if  not  node_f ound then 
{ transaction node no t found } 
b egin 

{ create new transaction node } 
N ew(node ) ;  
wit h node l do 

begin 
id := transaction _id;  
timestamp := l as Ltransaction T . t imestamp + l ;  
next := NIL; 

end;  
t ransaction_timestamp := node l . t im es tamp; { RETURN} 

end 
e lse  { transaction node found } 

t rans action _timestamp :=  transact ion _node T . t imestamp; 
{ RETURN } 

end;  
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ALGORITHM 4 .5 . 2  : claim_alLobj ect ( request ,  timestamp) 

For each request.syntactic_inf o do 
For each request.syntactic_inf o.access....key do 

b egin 
0 := find_data_object (  r eq1t est.syntactic...inf o.access ....k ey ) ;  
j oin_timestamp_queue (  0,  request.id ,  timestamp, 

request.syniactic_inf o.access_type ) ;  
end;  

The procedure j oin_timestamp_queue responsible for creating a timestamp 

node for the transaction and attaching this node to t he appropriate timestamp 

queue of the specified data object . - . 

ALGORITHM 4 .5 . 3  : pro cess_request ( request ,  timesiamp)  

0 :=  find_data_obj ect( requ est .access ....key ) ;  
case requ est.requesLtype of 

R read_protocol( 0, req1t es t ,  times tamp) ;  
W write_protocol( 0, requ. es t ,  timestamp ) ;  

end;  

On the arrival of each request , the procedures read_protocol and w1·if.e_protocol 

are used to decide if this request can be granted or has to be delayed .  A request 

is granted only if its corresponding timestamp node maintained on the timestamp 

queue associate with the specified dat a  object can be removed . Removal of a 

t imest amp node depends on the three con ditions given in sec t ion 4 . 3 . 1. 2 .  In the 

other words ,  the request will not be granted if any one of t hese three conditions 

fai ls .  On the other hand,  a delayed request will update the < Arrived > field in 

its corresponding timestamp node to true as an indication of its arrival . 

After each removal of a timestamp node, another procedure check_qu. eue 

which in turns recursively cal ling both read_protocol and wriie_protocol i s  applied 

to inspect each timestamp on both timestamp queues . If a timestam p  is  found to 

meet all the conditions mentioned earlier, i t  will be  removed from the queue and 

i ts  corresponding request will be granted.  The procedures will  be recursively pro­

ceed until all the timestamps on the read-t. imestamp queue and write-timestamp 

queue associate with the data object concerned are all checked .  Algorithms of 

t hese t hree procedures are given below . 
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ALGORITHM 4 . 5 . 3 . 1  : read_protocol ( Obj ect , request ,  timesiamp) 

wit h Obj ect do 
if ( timebit .write .limesiamp_queue = NIL) or 

( timesiamp :S timebit .write _timesiamp_queue T . stamp) 
t h e n  

b egin 
send_to_data_manag er(r eques t ) ;  
remove_time_stamp( timesiamp, timebi t ,  R) ;  
check_queue( Obj ect , R ) ;  

e n d  
else 

update_time_siamp(tim�stamp, timebit , R ) ;  

A request submitted t o  the procedure read_protocol i s  required to meet one 

of the following conditions before it can be granted.  

1 .  Obj ect.timebit .write.limestamp_queue i s  empty; 

2. Its transaction timestamp i s  smaller than the timestamp of the first node on 

the Obj ect 's  writctimestamp_queue .  It i s  u nnecessary to check the rest of 

the queue for smaller timestamps .  Note that timestamp nodes are attached 

to the queue in chronological order ; therefore, if  the transaction t.imestamp i s  

smaller than the timestamp of the first node, i t  i s  smaller than the  t imestamps 

of the  rest of  the nodes on  the queue. On the  other hand, if  the timestamp i s  

larger than the timestamp of the  first node on t he queue, it.  has already failed 

the test and is  poi ntless to check the rest . 

There are two procedures in  Algorithm 4 . .5 . 3 . 1  that. required some brief de-

script.ions .  They are, 

1 .  remove_time__stamp( t ,  t i m.ebi t ,  acces,Liype ) - this procedure removes the 

timestamp node with timestamp t from the queue associate with timebi t .  

access_type specifies which queue ( read - t imestamp o r  write - timestamp) 

t he node belongs to. 

2.  updat e_t ime__stamp( t ,  timebit , access-type )  - this procedure updates the < 

Arrived > field in  the timestamp node with timestamp t to true .  This i s  to 

indicate the arrival of  i ts  corresponding request. acces s _type specifies which 

timestamp queue associate with timebit the node belongs to.  
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A L G O RITHM 4 .5 .3 .2  : write_protocol( Obj'ect, request, timestamp) 
with Obj ect do 

if ( timestamp :S timebi t .write_timestamp_queue  j .s tamp) and 
( ( timebit.read...iimestarnp-queue = NIL) or 
( timestamp :S timebit.read_tim estamp_queue j .stamp)) 

then 
b egin 

send_to_data_manager( r eq-uest  ) ;  
remove_time_stamp(timestamp, timebit, W ) ;  
check_queue( Object, lV) ;  

end 
else 

update_time_stamp(timestainp, timebit, W ) ;  
Simi lar to those requests submitted to read_protocol, a request submitted to 

write _protocol required to meet certain conditions before i t  can get granted. These 
conditions are listed below. 

1 .  The timestamp of the transaction from which the request i s  originated is  
smaller than the timestamp of the first. node on the write_tirnestamp_queue .  

Notice that. this i s  similar to the second condi tion specified earlier i n  Algorithm 
4.5 . 3 . 1 .  

and one of  the following conditions, 
2. timebit.read...iimestamp_queue is empty. 
3 .  The timestamp of the transaction from which the request i s  originated i s  

smaller than the timestamp of  the first node on the read_timestamp_queue . 
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ALGORIT HM 4.5 .3 .3 check _queue( Obj eci', access_type) 

with Object do 
b egin 

if access-1ype = vV then 
{ A time.stamp node has been removed from the  write - time.stamp 
queue .  Check read- time.stamp queue for nodes that can be removed. } 

end ; 

For each t imestamp_node E tirnebit .read-1imestamp_queu e do 
if timestamp_node T . arrived then 
{ the corresponding request has arrived ·and being delayed} 

begin 
{ re-create the request } 

request . tran!a ction_id : =  timestamp_node T .id; 
requesi .reques£-1ype := R; { read request} 
reques t .access ....key := Obj ect . access_k ey;  

{ re -submit the 1·eques t to read_protocol } 
reaLprotocol( Obj ect ,  reques t ,  timestamp_node T . s tamp) ;  

end ; 

{ compulso1·y check for both read and write access_fype} 
For each t -irnestamp_node E tirnebit .writ e-1im.estamp_queu e do 

if timestamp_node T . arrived  then 
begin 

{ re-create request as above} 

{ re -submit the request to write_protoco l }  
write_protocol( Obj ect , request , t imesiamp_rwde T . stamp) ;  

end; 

4 . 3 . 2  Dynamic Timestamping Mechanism 

Implement.at.ion of dynamic Timestarn.ping mechanism is probably the simplest 

. among the mechanisms discussed in this thesi s .  A simi lar active transaction l ist  

i s  mai ntained and timebits are allocated to each accessible data objects as in  the 

implementation of pre- transaction Timestampi ng mechanism. However, the data 

structure of timebi t and the format of the request are much simpler than those 

described in  sect ion 4 - 3. 1 . 
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4 . 3 . 2 . 1  Request 

Request. in t.his implement.at.ion is represent.eel i n  the following  format : 

< Tr an sact ion ID > < Req uest  Type > < Access A' ey > 

whe1·c 

< RcqttestTypc > includes R ( read rcq-uest ) and l,V ( wri te  reques t. ) .  

4 . 3 . 2 . 2  timebit 

Instead of maintaining t.wo tirnestarnp queues , timebit in this implementation 

requires to maintain only two t.imest.amp values, namely read-t imestamp and 

write-t imestamp. ( Data str -uciw·c of I.his t imebi t  is shown in figure 4 - 1 2 .) 
• rcad-iimes fomp - timest.amp of t.h e  youngest. transact.ion that last. read the 

da.t. a object . 

• icri tcl i1ncs tam71 - t. imest.amp of the youngest. transact.ion that. last read the 

da.t. a object. . 

Figure 4 - 1 :?  Data s trncim·c of a t.imcb-it .  

In PASCAL, such data structure is  expressed as follows : 
timebit. record 

r ea.dJimcs tam p 
wr i t e _timestantp 

end;  

i 1 1  t eg er ;  
integ er ;  
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4 . 3 . 2 .3 Implementation 

Based on the scheduling protocol given in section 3. 3. 2 ,  t he following algorithms 

are developed. 

( Program based on the following algorithms is presented in Appendix C ) 

Top Level Algorit hm 

The top level algorithm of the dynamic Timestamping mechanism is given in 

Algorithm 4 .6. 

ALGORITHM 4.6 
rep eat 

g eLnexLr equest( r equest) ; 
timestamp := tr ansactionJ,imestamp(r equest.id ) ; 
process_r equest( r equest, timestamp ) ;  

unt il eof(tr ansfile) { until True; - in actual practice } 

Notice that Algorithm 4 .6  is much simpler than the algorithm described in Al-

gorithm 4.5. In this algorithm, procedure tr an saction _tim esiamp is a duplication 

of the procedure ,Yith the same narne described in Algorithm 4.5 . 1  and hence will 

not be repeated here. However , there are some differences between the procedure 

process_r equest here and its counterpart described in Algorithm 4.5.3. The two 

sub-procedures r ead_pr ot.ocol and write_pr oiocol are so much simpler and easier 

to implement. Algorithms of these two sub- procedures are given in Algorithm 

4.6 . 1  and 4.6.2. 

ALGORITHM 4.6 . 1  : read _proto col (  Object, r eq,test, timesiamp ) 
wit h Object do 

if timesiamp � timebit .wr ite...1im estamp then 
b egin 

send_to_data_manager ( r equest ) ;  
timebit .r ead_tim esiamp : =  t. imesiamp;  

end 
else 

abort _tr ansaction( r equest.tr an s action _id ) ;  

A read request submitted to procedure r ead_pr otocol will be granted if the 

timestamp of its transaction is larger or equal t .o the write_timesiamp associates 

with the data object; otherwise , its transaction is aborted. The transaction which 



Chapter 4 :  Implementation of Concurrency Control Mechanisms 102  

successfully read the data object will replace its tirnestamp as t h e  new read times­

tamp for that object . 

ALGORITHM 4.6 .2  : write_proto col( Obj ect , request ,  timestamp) 

with Obj ect do 
if ( times tamp 2: timebit .writ e _timestamp) and 

( times tamp 2: timebit . r ead_timestamp) t hen 
b egin 

send_to_data_manager(  r equest ) ;  
timebit.wrife_timestamp := timestamp; 

end 
else 

abort...iransaction( r eque.st .trans action_id) ;  

A write request submitted to procedure write _proiocol i s  required to meet 

more conditions to get granted.  Beside the similar condition specified in Algorithm 

4.6 . 1 ,  the timestamp of the transaction from which the write request is originated 

has to be larger or equal to the read_timestamp associates with the data object 

as well ; otherwise, the transaction is aborted.  The transaction which successfully 

write the data object will replace i ts  timestamp as the new write t imestamp for 

that object . 



Chapter 5 

Conclusions and Proble1ns in Distributed DBMS 

In this  concluding chapter, the objectives outlined in  the i ntroduction and 
the works presented in the last few chapters are summarized. Resistance posted 
by t he concurrency control proble1�s i i�_ distri buted DBMS are discussed too. 

5.1 Concluding Remarks 

Concurrency control problems in centralized Data Base Management Systems have 
been well studied in  the past two decades and a number of concurrency control 
mechani sms have been suggested with sound mathematical theory [PAPA86] as 
foundation. Among these mechanisms, three major approaches, namely Two-
P hase L o cking Mec hanism, Timestamping Mechanism and Optimistic 
Mec hanism: are surveyed. These three mechani sms differ in the degree of concur­
rency that they can achieve, the difficulty i n  implementation and other problems 
associ ated with each of them. Most reported works on these three mechani sms 
mainly focus on the theoretical aspects rather than techni ques for i mplementing 
them. This  thesis attempts to apply two major concurrent programming tech-
ni ques - .synchronization and mutual exclusion by .s emaphore and monitor - to the 
implementation of the Two-Phase Locking and Timestamping mechanisms. 

Based on Two-Phase Locking mechanism, schedules output by the concur­
rency controllers are guarant eed to preserve the conflict serializabil ity. This  fea­
ture prevents the concurrent transactions from c ommitting the concurrency control 
problems. However, it also introduces a most unwanted problem when dynamic 
i nformation acquisit ion i s  applied ,  that. is  the problem of deadlock . Despite the ad­
vantage of being a deadlock-free mechani sm, Pre-transaction Two-Phase Locking 
mechanism does not appear to be a better mechanism than Dynamic Two-Phase 
Locking mechani sm due to  its weaker sch eduling criteri on. 
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Synchronization by a semaphore is commonly used to allocate shared resources 

i n  Operating Systems. T his is also a natural choice as a technique to implement 

a Two-Phase Locking Mechanism. Despite the similarity of the synchronization 

problems faced in both domains, this technique can not be applied in Data Base 

Management Systems without any modification . Chapter 4 identifies this problem 

and suggests the necessary modifications to the semaphore and wait/signal oper­

ations to allow this synchronization technique to be used for the implementation 

of Two- Phase Locking mechanism. 

Transactions accessing large· subset-of a data base are very common in most 

applications. Concurrency controllers based on Two-Phase Locking mechanism 

that support single granularity of lock are i nefficient i n  handling this type of trans­

action. Due to this problem, multiply-granular lock scheme is supported by most 

existing DBMSs despite the additional lock management overhead imposed. T he 

granularities of lock supported by several commercially available DBMSs are sum­

marized in fig ure 5 . 1  . 

DBMS 

IMS/VS 

DMSl lOO 

System R 

Granularities of lock 

Segment type 

Segment instance 

Area 

Page within area 

Segment 

Page 

Record 

Figure 5. 1 Granularities of lock (FERN81j 

To i ncorporate multiply-granular lock scheme into Two-Phase Locking mech­

anism, synchronization by semaphore seems inadequate.  A more structured ap­

proach based on monitor is suggested in chapter 4-
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All schedules output b y  a concurrency controller based o n  Timestamping 

mechanism are conflict serializable to the serial execution of the transactions in 

chronological order . This important feature ensures the correctness of  the output 

schedules and avoids the occurrence of deadlock. A proof was given in chapter 

3 to prove that deadlock is impossible in  a concurrency controller based on t his 

mechanism.  

Although the Timestamping mecl1 a11ism appears to be  different from a locking 

mechanism, its scheduling strategy :whi_�h excludes older t ransactions from access­

ing a data object already accessed by a younger transaction is equivalent to a lock 

operation . B ased on this argument , s emaphore is again used as a synchroniza­

tion primitive i n  the implementation . Several modifications to the synchronization 

technique are suggested in chapter 4 for its application to the Timestamping mech-

an1sn1.  

In section 3.4 , another non-locking mechanism: Op timistic mechanism, was 

int roduced. Concurrency controllers based on this mechanism optimistically as­

sume that no conflict will occur among the concurrent t ransactions and allow all 

submitted requests from these transactions to proceed without any delay. This 

optimist ic  assumption will only be questioned at. the end of each transaction .  

This type of scheduling strategy offers a high degree of  concurrency in applica­

tions where queries are highly dominating; otherwise, i t  will introduce overhead 

in managing restarted transactions. This mechanism is di scussed in chapter 3. Its 

implement ation is not included in this thesi s due to its entirely different approach. 

In conclusion , this thesis surveys three major concurrency control mecha­

rnsms. It also suggests  the use of concurrent programming techniques based on 

sem aphores and monitors to implement two of the surveyed mechanisms, namely 

the Two- Phase Locking and the Timestamping mechanisms .  Also, modifications 

to the suggested concurrent programming techniques were proposed to allow them 

to be used in the cont.ext of dat abase concurrency control . 
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Future work should focus on the use of  conc·urrent programming techniques 

based on message passing[WOOD87] and data flow graph in the implemen­

tation of concurrency control mechanisms. In particular, the use of D BFG 

(Dat abase Flow Graph) [EICH88a,EICH88b] has attracted wide attention in 

the last few years . By using DBFG , scheduling in concurrency controller can be 

carried up in parallel . T his  in turns will also increase the degree of concurrency 

and transaction throughput. With the advantage of parallelism, this technique 

could also be applicable in parallel database machine environment in future. 

5 . 2  Concurrency Control in Distributed DBMS 

With the increasing number of users and their geographical dispersion, single site 

centralized DBMS has the following undesirable features : 

1. High co mmunicat ion cost -

Complexi t y  of the communication network connecting the central DBMS to 

the sites where the transactions are originated induces considerable costs. T he 

costs incurred include the maintenance of the communication links and the CPU 

time required to send and receive the messages. For example, the American airlines 

T\iVA has to pay AT&T a million dollars of communicat ions bill per month to 

maintain their airlines reservation network [GIFF84] . 

2. Long co mmunication delay -

Access delay time is very much depend on the topology of the network used.  

T ypical delay time is approximately the order of one tenth of a second . Considering 

a transaction accessing hundred of records,  the delay time is substantial. 

3. Communication bottleneck -

As all requests have to be sent to the central DBMS, the DBMS may create a 

bottleneck.  T his is another factor that contributes to the high access delay time. 

4 .  S low resp o nse time and low throughput -

Slow response time and low transaction throughput are the immediate conse­

quences of the two undesirable features listed above ( 2  and 3). 

5 .  L ow reliability -
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A single system failure at the central DBM S will effectively halt the operation 
of the whole system. That could have meant million dollars loss in revenue t o  
an organizat ion ( say an airline ) which maintains thousands of communicat ion 
terminals. 

To resolve the above listed problems and satisfy the users' increasing demand 

rn having fast. and easy access of the information, the concept of distributing 
information across the computer network was conceived. This  concept triggered a 
new area of research , namely Distributed DBMS.  

One can view a distributed DBMS-as a set of centralized DBMSs distribut ed 
over a large geographical area, each connected t o  a same communication network 
( See figu1·e 5. 2 ). The advantages of a di stributed DBM S over a centralized DBM S 

are [DATA83] :-

a. Reliability : The operation of a distributed DB 1S is not subject to total 
suspensi on when an indi vidual si te  i s  di sabled. 

b. Accessibil ity : By storing the data objects  at the si tes where they are most 
frequently accessed, a dist ributed DBM S can reduce both the response times 
and communication costs; and thus provide a fast.er and easier access of the 
data. 

c. Lo cal autonomy : Each indi vidual site  in  a distributed DBM S has i ts  own 
control over the local data and accesses to  these data. In the other words, 

each site  i s  performing as a single centralized DBM S which has communication 
l inks with other sites. 

d. Capacity and incremental growth : Capaci ty of the data base maintained 
in a di stribu ted DBMS can be expanded by adding new sites to the commu­
ni cation network. This i s  easier than updating the processing abi li ty to  cope 

with the expansion of the database in the centralized DBMS. Moreover, the 
additional new sites also improve the avai labili ty of the data in terms of the 
geographical area. 
A di stributed DBM S is either fully replicated , par t ially replicated or fully dis­

joint . A dist ri buted DBM S is  called fully replicated i f  the database maintained 
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Fig ure 5. ;! Distrilmtcd DBMS 

rn t.he  organi:,rn.t. ion is avai lable at all nodes of the network . ,vi th thi s type of 

dat abase di s t. ribu t. ion . rc,tcl accesses can be carried up efficiently ; however, i t. will 

also c reat.e i nefli ciency in updat.i ug  t. l i e  <lat.abase, sin ce all copies of the database i n  

the  n et.work must be  updated t.o mai ntai n the  consi stency. Another extreme alter­

n ative is to distribute the data objects in such a way that. no two local databases 

mai nt ain  a similar dat.a object. ,  t.h at. is fully disjoint . In t. his case, read and write 

req uests to access a dat a object. which is  not. a.I. t.hc local database have to be sent. 

t.o the site where t.l1e dat.a object. i s  s t.ored . This may i ncur high communication 

cos t. and communication overhead . The most. preferred alternative is the compro­

mi se of these tvvo , which is padially 1'cplicalcd dist rib u t ion. vVhet.her a distributed 

D B M S  is fully replica t ed ,  fully disjoin t or part ially replicated , i t  can 't avoid the 

concurren cy control problems.  

Con curren cy control problems in the d istributed DBMS are much more dif­

fi c ul t. to deal ,vi t.h than in  the centralized environment. .  In  t.he past ten years, 

considerable efforts have been contributed to developing algori thms to resolve the 
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problems . Most of these algorithms are normally complex and without mathe­

matical proofs to support their correctness .  In fact , majority of them are the 

variations of the two basic mechanisms, namely Two-Phase Locking mechanism 

and Timestamping mechanism[BERN 8 1 ] .  

I n  the rest of this section, problems o f  applying Two-Phase Locking mech­

anism and Timestamping mechanism in distributed D B M S  are briefly discussed. 

Descriptions of various distributed concurrency control algorithms can be  found 

in [BERN81 ] . 

5 .2 . 1  Two-P hase Lo cking mechanism 

The major problem of applying Two-Phase Locking mechanism in  distributed 

DBMS is to resolve the deadlock . In centralized D B M S ,  deadlock i s  either pre­

vented by using preclaim strategy or detected and resolved by using pre-emptive 

strategy ( s ee section 3. 2 . 2  ) .  However, these two strategies are inadequate to tackle 

deadlock in distributed DBMS. The following two examples illustrate the inade­

quacy of these two strategies. 

Example.  Deadlock preven tion - ?reclaim strategy 

Suppose the following transactions Tl and T2 are submitted to the concur­

rency controllers at site 51  and 52 respectively. 

Tl : R( x )  W ( y )  and T2 : R(y )  W ( x )  

Assume that data object x is available at site  5 1  but not at 52 ,  and data 

object y is stored at site 52 but not at 5 1 .  If both transactions are submitted 

to their respective concurrency controllers at about the same time, the foll owing 

si tuation may occur. 

1 .  Tl attempts to lock both data object. x and y. Request to lock x is  granted 

immediately but not data object y as y is  not stored at site 51 . Request to 

lock y is  then sent to site 52.  
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2 .  T2 attempts to lock both data object y and· x. Request to lock y is granted 

immediately but not data object x as x is at remote site 51 . Request to lock 

x is sent to site 51. 

3. Tl ' s  request to lock y arrives at site 52 and finds that y is locked by T2 with 

a conflicting lock. Tl 's  request joins the waiting queue and wait  for y to be 

unlocked. 

4 .  T2' s request to lock x arrives at site 51 and finds that x is locked by Tl with 

a conflicting lock. T2' s request joins the waiting queue and wai t  for x to be 

unlocked. 

5. M ulti-site Deadlock o ccurred ! ! !  

( Notice the similarity of this example and the Dinning Philosophers problem 

(DIJK71} which allows a philosopher to hold a fork while waiting for another fork. ) 

Due t.o the communication delay and the property of local autonomy, preclaim 

strategy cannot. guarantee that when a local transact.ion is attempting to lock all 

the requested data objects , there is no other remote transaction claiming locks 

on one or more of these objects. As this condition cannot be fulfilled, preclaim 

strategy cannot guarantee the prevention of the occurrence of deadlock. 

T here are several solutions to the above problem.  T he simplest solution is dis­

allowing t he transactions to wait  for any remote data object. Abort and restart a 

transaction once one of its requested remote data objects is found to be locked with 

a conflicting lock. Of course , this method also introduces unnecessary abortions, 

indefinite postponement ( or repeatedly restart ) and a very busy communication 

traffic. 

Another better solution is ass1gnmg exactly one copy of each data object 

maintained in the distributed DBMS as the primary copy of that object. All 

accesses to a data object must obtain a lock on the primary copy of this object. 

T his effecti vely provides a kind of central control mechanism similar to centralized 

DBMS to the system. However, this method will also increase both the response 

times and communication costs even if a copy of the requested data object is 

available at the local si te ( unless it is the primary copy) .  To improve the reliability 



Chapter 5: Conc lusions and Problems in Dis tribtt ied DBMS 1 1 1  

of the DBMS,  one can assign another copy of the ·data object as a secondary copy. 

This will maintain the availability of the object even when the primary copy is  

unreachable due to the failure of the s i te  where it  i s  located . 

Example. Deadlock detection - Pre-emptive strategy 

Suppose a similar situation as described in  last example arises in a distributed 

DBMS adopting dynamic Two-Phase Locking mechanism. Similar multi- site dead­

lock may occur without being detected . The following descriptions illustrate the 

occurrence of the deadlock. 

1 .  Tl 1 s request to lock the data object x i s  granted immediately and the object 

is read . It attempts to write d ata  object y but finds that y is not stored at 

5 1  and t hus the request is sent to 52.  

2 .  T2 1 s request. to lock the data object y i s  granted immediately and the object. 

is read . It attempts to write data object x but realizes that x is not available 

at 52 and hence the request i s  sent to 51 . 

3 .  Tl ' s  request t.o write y arrives at 52 .  It s request. to write-lock y is delayed 

as the lock is conflicting with the read-lock held by T2 on y. Therefore, a 

conflict. arc is added to the conflict graph maintained at 52 .  Since the newly 

added arc does not creat e a cycle in the graph,  there is no deadlock . 

4 .  T2 1 s request. to write x arrives at 51 .  Its request to write-lock x is  delayed 

as the lock is conflicting with the read-lock held by Tl on x .  Therefore, a 

conflic t. arc is  added to the conflict graph maintained at 51 . Since the newly 

added arc does not creat e a cycle in the graph ,  there is no deadlock. 

5. However : Multi-site Deadlock has occurred between Tl and T2 1 1 1 

( See figure 5 . 3  

As  the conflict graph maintained at each site of the distributed DBMS i s  only 

capable of detecting its local deadlocks , multi-site deadlock will not be detected 

and resolved. One solution to this problem is designating one site as a deadlock 

detect ing site. The responsibility of this site i s  constructing a global conflict 

graph which maintains the confli cts  occurred at all si t.es of the system. Any 

occurrence of multi-site deadlock can then be detected by searching for cycle in 
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th i s  global confli ct. gra.ph . Howeve1' ,  any system fail ure at. t.he  deadlock detecting  

si t .e will immedi ately disable t.he syst.ems's  a.bi l i t.y iu  detecting  multi -s ite dead.lock .  

M oreover,  t. h is  m e1hod also introduces busy communication traffi c as ea.ch individ-

ual si te in the  system has t.o send a copy of i t s  local confl ic t. graph to t.he deadlock 

det.ec t. ing sit .e periodi cal ly. 

A not her solution is  called hierarchical deadlock detection 1 6  
. This ap-

proach is  most. a.ppropriat.e for t.he distributed D B M S  organized in a hierarchi cal 

net.work , such a.s t. he t.ree s t. ru dured net.work shown in figure 5 . 4 . This struct ure 

i s  very common for corporate net.works in  vvhi ch local offi ce DBMSs  are l inked t.o 

the  area office D B M S ,  area. ofii.ce D B M S s  are l i nked to the  regional office D B M S ,  

and s o  011 . I n  t.h is network , a paren t. D B M S  an d child D B M S  can communicate 

direct ly, but. sibl ing DBMSs can only communicate with  each other through their 

parent. D B M S .  Each node in the net.work main tains  a con flic t. graph . The conflict 

graph mai ntained by a. leaf node con tains  all conflicts  occur at. that node; and the 

conflic t. graph maintained by a. non-leaf node ( or a parent. ) contains  t. he multi-s ite 

conflicts  occur among its irnmediat.e children . Obviously, in  comparison wi th the 

1 6  This is ano ther idea borro wed from dislributed Operating Systems.(A.BRA BS} 
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Tree St.r-ucf.ured N ctwor/..· 

prev10us ' s ingle deadlock dctcct.ing s ite ' method, this met.hod 1s relativel y  more 

rel iable and incur lower communi rat. i on costs .  

5 . 2 . 2  Timestamping 

A s  discussed i n  .� cc tio l l  J . .1 , the major advantage of  Ti 111est.ampi11 g mechanism is  

t. l i at. dcadlocl, i s  impossible t.o occu r  an d thus  deadlock prevent. ion or detection i s  

unnecessary. Due to this  feature ,  Timest. a.mping is  relati vely easi er to be modified 

to cope with t.he di stri buted enYi ron men t . .  

B ased on Timesta.rnµing mechani sm, each transacti on submitted to t h e  con­

currency cont.roller is gi ven a unique  t i mest. amp . In di stri buted D BMS, a t imes­

t. amp usually rnnsi sts  of a. local si te ide1 1 t. ifier  as lower order bi ts and local clock 

t ime as h igher order b i ts .  One can assign priori ty to the si t. es by giving different 

identifier values. The lower the identifier, the  h igher the  priori ty of the si te. 

There a.re many variations of distri buted Timestamping mechanism. Most. of 

them adopts pre-transact. i on Timest.amping mechanism. B asically, pre-t ransaction 

distri buted Timestamping mechanism has the simi lar schedul ing protocol as i ts 

centrali zed counterpart described i n  s ec t ion :J. J . 1 .  The only difference i s  that the 

fo11estamp of the submi tted transaction has to be broadcast.eel to all si tes at  which 

the data objects accessed by this  transact ion are stored . Due to the communi cation 
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delay, request originated from a younger transaction accessing a local data object 

may be granted before the concurrency controller receives t he timestamp of an 

older transaction which is accessing the same object from a remote site. Various 

methods have been proposed to resolve thi s  problem and each of them have their 

pros and cons .  Descriptions and comparisons of these methods can be found in 

[BERN81 l [DATE83] . 
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Appendix A· 
Dynamic Two-Phase Locking Mechanisn1 

program dynamic_2p_lock (input , output , transf i l e , co lours ) ;  

type 

string = packed array [1 . .  1 0] of char ; 

colour = ( red , blue , · greerr , orange , y ellow , purple ) ;  

lock_flag = (W , R , E) ; 

lock_ptr = - 1ock_list ; 

lock l i st = record 
Tid : int eger ; 
Tlock : lock_flag ; 
next : lock_ptr ; 

end ; 

lockbit = record 
s : int eger ; 
wait_que : lock_ptr ; 
w_tail : lock_pt r ;  
grant ed_que : lock_ptr ; 
g_tail : lock_ptr ; 

end ; 

DGptr = -DG ; 

conf l i ct _ptr = - conflict _list ; 

obj ect _ptr = -obj ect ; 

obj ect = record 
access _key : string ; 
next : obj ect _pt r ;  

end ; 

DG = record 
id : int eger ; 
wait _trans : int eger ; 
obj ect _ l i st : obj ect_ptr ; 
last _obj ect : obj ect_ptr ; 
conf lict head conflict _pt r ;  
last _conflict : conflict_ptr ; 
next : DGptr ; 

end ; 
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conf l i ct list  record 
acces s _key : string ; 
transact ion : DGpt r ;  
next : conf l i ct _ptr ; 

end ; 

t rans id_ptr = -Tlist ; 

Tli st  = record 
Tid : int eger ; 
next : transid_ptr ; 

end ; 

colour record = record 
name : [KEY ( O ) ]  string ; 
f avourite  colour ; 
lock _bit : lockbit ; 
end {colour_record} ; 

t ran s _ s t ep = record 
i d  : int eger ; 
case  access  : lock_flag of 

R , W : (access_key 
E : ( ) ; 

string) ; 

end ; 

var 
ch : char ; 
colour s : file  of colour_record ; 
request  : trans _ st ep ; 
conf l i ct _graph , last _node : DGpt r ; 
transfile  : t ext ; 

PROCEDURE init ializat ion ; 
begin 

OPEN ( colours , ' c olours . dat ' , unknown , 
acc e s s _method : = keyed , 
organizat ion : = indexed 

reset (transf ile ) ;  
conf li ct _graph : = NIL ; 
last node : = conf lict _graph ; 

end ; 

) ; 

PROCEDURE get _next _request ( Var data_ s t ep 
begin 

with data_ step do 
begin 

read (transfile , i d , ac c e s s ) ; 
case  access  of 

tran s _ st ep ) ; 

R , W  : readln (tran sf i l e , ch , acces s_key) ; 
E : readln (transfile ) ; 
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end ; 
end ; 

end ; 

PROCEDURE updat e_conf lict_graph (request  
var Ti _node : DGptr ; 

t emp_ obj : obj ect _ptr ; 

tran s _ step) ; 

Funct ion creat e new node (request 
v ar t emp : DGpt r ;  

tran s _ st ep )  DGptr ; 

begin 
NEW ( t emp ) ; 
with t emp - do begin 

id : =  request . id ;  
>1ait _trans : = O ;  
obj ect _ l i st : = t emp_obj ; 
last _ obj ect : = obj ect _ list ; 
confl ict head : = NIL ; 
last conflict : = conflict _head ; 
next : = NIL ; 

end ; 
create new node t emp ; 

end ; 

Funct ion node_found ( i : int eger ; Var i node 
Var found : boolean ; 

t emp : DGpt r ;  
begin 

found : = false ; 
t emp : =  conf lict_graph ; 
while (t emp < >  NIL)  and (not found) do 

begin 
found : = ( temp - . id = request . id ) ; 
if not found then t emp : = t emp - . next ; 

end ; 
if found then i node t emp ; 
node found : = found ; 

end ; 

begin 

if conflict_graph = NIL then 
begin 

Ti _node : =  creat e_new_node (request ) ;  
confli ct _graph : = Ti _node ; 
last node : = Ti _node ; 

end 
e l s e  

DGptr)  

if not node_found (request . id , Ti _node)  then 
begin 

Ti_node : =  creat e_new_node ( r eque st ) ; 
last _node- . next : = Ti _node ; 
last node last _node - . next ; 

Boolean ; 
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end 
e l s e  

w i t h  Ti _node- d o  begin 
NEW (temp_ obj ) ;  
t emp_obj - . acces s _key : = request . access_key ; 
t emp_obj - . next : = NIL ; 
last_obj ect - . next : = t emp_obj ; 
last_obj ect . - last_obj ect - . next ; 

end ; 
end ; 

FUNCTION  compatible ( Tid 
Tlock 
w_que 
g_que 

integer ; 
lock_flag ; 
lock_ptr ; 
lock_ptr ; 

var conf l i st tran sid_ptr ) 
var last : transid_ptr ; 

i s _compat ible : boolean ; 

PROCEDURE add conflict list ( confi d  
VAR t emp : trans id_ptr ; 

b egin 
NEW ( t ernp ) ; 
t emp - . Tid : = conf i d ;  
t emp - . next : = NIL ; 
if c onf _ list = NIL then 

begin 
conf _ list : = t emp ; 
last conf_list ; 

end 
else  

end ; 

begin 

begin 
last - . next : = temp ; 
last last - . next ; 

end ; 

if (Tlock = W)  then 
begin 

i s _cornpat ible : = (g_que = NIL) ; 
whi le (g_que < >  NIL )  do begin 

if Tid <>  g_que- . Tid then 
add_conf lict _ list (g_ que- . Tid )  

else  is_ compatible : = True ; 
g_que : = g_que - . next ; 

end ; 

int eg�r ) ; 

boolean ; 

i s _ cornpat ible : =  is_ compat ible and ( conf _list  = NIL) ; 
if  not i s _ compat ible then begin 

while  (w_que <> NIL) and (w_que - . Tid <> Tid)  do b egin 
add_ conf lict _list (w_ que- . Tid ) ; 
w_que : =  w_ que- . next ; 
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end ; 
end ; 

end 
e l s e  

begin 
i s _ compatible : = (g_que  = NIL) ; 
while (g_que <>  NIL ) do begin 

if (Tid <> g_que - . Ti d )  and (g_que - . Tlock = W) then 
add_conf lict _l i st (g_que - . Ti d )  

e l s e  if (Tid = g_que - . Ti d )  then i s _ compat ible True ; 
g_que : = g_que - . next ; 

end ; 
while (w_que <>  NIL)  and (w_que - . Ti d  < >  Tid )  do begin 

if (w_que - . Tlock -= W7 
then add_ conf lict _ l i s t (w_qu e - . Ti d ) ; 
w_que : = w_que- . n ext ; 

end ; 
if  not i s _ compatible 
t hen is_ compatible : = ( conf _ l i s t  = NIL ) ; 

end ; 
compatible : = i s _compat ible ; 

end ; 

PROCEDURE end_transact ion (Tid 
var pre_DG , t emp_DG : DGptr ; 

integer ) ; 

PROCEDURE check_wait_request _ st at e ; 
var thi s , last , t emp : lock_ptr ; 

clash_ list  : trans id_ptr ; 
begin 

with colours- do begin 
this : = lock_bit . wait _ qu e ; 
last : = thi s ;  
clash list NIL ; 

while  this <>  NIL do 
if compat ible (this - . Ti d , thi s - . Tlock , lock_bit . wai t _que , 

lock_bit . grant ed_qu e , clash_ l i s t ) then 
begin 

{ s end to  data manager } 
with thi s - do writeln (Tid , Tlock , narne ) ; 
{ j oin grant ed queue } 
NEW ( t emp) ; 
temp- . Tid : = thi s - . Tid ; 
temp - . Tlock : = thi s - . Tlock ; 
temp- . next : = NIL ; 
if lock_bit . grant ed_que = NIL  then begin 

lock_bit . grant ed_que : = t emp ; 
lock_bit . grant ed_que - . next : = NIL ; 
lock_bit . g_t ail lock_bit . grant ed_que ; 

end 
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else  
begin 

lock_bit . g_tail- . next : = t emp ; 
lock_bit . g_t ail : = lock_bit . g_ t ai l - . next ; 
lock_bit . g_tai l - . next NIL ; 

end ; 

{ remove request  from wait queue } 
if last = thi s then b egin 

lock_bit . wait _ qu e  : = lock_bit . wait _ que - . next ; 
thi s : =  lock_bit . wait _ que ; 
last : = thi s ; 

end 
else  
begin 

last - . next . - thi s - . next ; 
thi s last - . next ; 

end ; 
end 

else  
begin 

last 
this 

end ; 

this ; 
this - . next ; 

if  lock_bit . wait _que = NIL then 
lock_bit . w_tai l : = lock_bit . wait _que ; 

if lock_bit . grant ed_ que = NIL then 
lock_bit . g_tai l : = lock_bit . grant ed_que ; 

end ; 
end ; 

PROCEDURE db_unlock ; 
var thi s , last : lock_pt r ; 

b egin 
with colours- do begin 

this  : = lock_bit . grant ed_que ; 
last : = thi s ; 

while  thi s <>  NIL do begin 
if thi s - . Tid = Tid then begin 

lock_bit . s  : =  lock_bit . s  + 1 ;  

{ remove request } 
if this <>  last t hen b egin 

last - . next : = thi s - . next ; 
if this = lock_bit . g_tai l 
then lock_bit . g_tai l : = last ; 
dispose (thi s ) ; 
thi s : =  last - . next ; 

end 
else begin 

lock_bit . grant ed_que : =  lock_bit . grant ed_que - . next ; 
if thi s = lock _bit . g_tai l 
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then lock_bit . g_tail : = NIL ; 
dispose (thi s ) ; 
this : = lock_bit . grant ed_que ; 
last : = thi s ; 

end ; 
end ; 
if  thi s < >  NIL then this  . thi s - . next ; 

end ; 

check_wait _reques t _ stat e ;  
end ; 

end ; 

begin 

end ; 

{ remove node } 
t emp_DG : = conf lict _graph ; 
if t emp_DG - . id = Tid 
then conflict_graph : = conflict_graph - . next 
e l s e  
begin 

pre_DG : = t ernp_DG ; 
t emp_DG : = t emp_DG - . next ; 
WHILE ternp_DG - . id <>  Tid do 

b egin 
pre_DG : = t ernp_DG ; 
t ernp_DG : = t ernp_DG - . next ; 

end ; 
pre_DG - . next : = t ernp_DG - . next ; 
if t ernp_DG = last _node then last _node : = pre_DG ; 

end ; 
if conflict_graph = NIL t hen last node confl i ct_graph ; 

with t ernp_DG - do begin 
while conf lict_head <> NIL do b egin 

conflict head- . transact ion - . wait trans : = 

conflict head - . tran s act i on - . wai t _ trans - 1 ;  
conflict _head : =  conf lict_head - . next ; 

end ; 
whi le obj ect _ li st < >N IL do b egin 

f indk ( colours , O , obj ect _ l i s t - . acces s_key ) ; 
if ufb (colour s )  then 

writeln ( ' Sorry - that name is not in the f i l e ' ) ;  
db_unlock ; 
updat e ( colour s ) ; 
obj ect _ li st obj ect _ li s t - . next ; 

end ; 
end ; 
dispos e (ternp_DG ) ; 

PROCEDURE add_arc_ conflict _graph (Tid  int eger ; 
trans i d_ptr ; c onf list 

c lash_key string ) ; 
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var node , Ti _node : DGpt r ; 
conflict _arc : conf lict _ptr ; 
previous , this : lock_ptr ; 
deadlock : boolean ; 

FUNCTI ON path (Tid : int eger ; 
trans conf : conflict _ pt r )  

var i s _path : boolean ; 
previous : int eger ; 

begin 
if  Tid = trans_conf - . t ran s act ion - . id then 

begin 
writeln ( ' cycle - >  ' , Tid) ; 
path : = true 

end 
else  
begin 

i s _path : = fal s e ; 
previous : = trans_ conf - . transact i on - . id ;  

boolean ; 

trans _ conf : =  trans _ conf - . tran sact i on- . conf lict_head ; 

while  (trans_ conf < >  NIL)  and ( not i s _path)  do 
begin 

i s _path : = path (Tid , trans_ conf ) ;  
if not i s _path then 

begin 
previous : = trans_ conf - . tran s action - . i d ;  
trans _conf : = tran s _ conf - . next ; 

end 
else  writ eln ( ' cycle - >  ' , previous ) ;  

end ; 
path is_path ; 

end ; 
end ; 

begin 
Ti _node : = conflict _graph ; 
whi l e  (Ti _node - . id < >  Tid)  do 

Ti _node : = Ti _node - . next ; 
deadlock : = fals e ; 

whil e  conf _ li st < >  NIL do begin 
node : = conflict _ graph ; 
whi le node < >  NIL do b egin 

if node- . id = conf_list - . Tid then b egin 
Ti _node - . wait _t rans : = Ti _node - . wait_tran s + 1 ;  
{ creat e  new conflict arc } 
NEW ( conflict _ ar c ) ; 
conflict _arc- . access_key : = c lash_key ; 
conf lict _arc- . t ransact i on : = Ti_node ; 
conf lict _arc - . n ext : = NIL ; 
if node - . conflict _head = NIL 
then node- . conflict head : = conflict _ arc ; 
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node- . last conf lict conflict_arc ; 
node- . last conf lict : = node - . last _ conf l i ct - . next ; 

if (Ti _node - . conflict _ head < >  NIL )  t hen 
if pat h ( conf _ list - . Tid , Ti_node - . conf l i ct _head) then 

end ; 

begin 
writeln ( ' cycle -> ' , Tid , conf _ l i st - . Ti d ) ; 
writeln ( ' deadlock det ected ! ! ! ' ) ;  
writ eln ( ' abort transact ion ' , Tid : 1 ) ; 

{ remove arc } 
Ti _node - . wait _tran s  : = O ;  
with colours - do begin 

this : = l�ck_bit . wait _ que ; 
previous : � ·thfs ; 
while this < >  lock_bit . w_ t ai l  do b egin 

previous : = thi s ; 
this : = this - . next ; 

end ; 
if previous = thi s t hen b egin 

lock_bit . wait _ que : = NIL ; 
previous : = NIL ; 

end 
else  previou s - . next : = NIL ; 
lock_bit . w_tail  : = previous ; 
dispo s e (thi s ) ; 
lock bit . s  : = lock bit . s  + 1 ;  

end ; 

end_transaction (Ti d ) ; 

node- . last_ conf lict  : = NIL ; 
di spose ( conflict _arc ) ;  
deadlock true ; 

end ; 

node : = node- . next ; 
end ; 
conf _ l i st : = conf _list - . next ; 

end ; 
if not deadlock then updat e ( colour s ) ; 

end ; 

PROCEDURE dblock ( R :  tran s _ s t ep ) ; 
var t emp , thi s : lock_ptr ; 

conflict _ list : trans id_ptr ; 

FUNCTI ON no_ other_grant ed_re quest 
(Tid : int eger ; Tlock 

var t emp : lock_ptr ; 
lock_flag )  

b egin 
with colours- do begin 

t emp : = lock_bit . grant ed_que ; 

BOOLEAN ; 
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while (t emp <>  NIL) and ( temp - . Ti d  < >  Tid) d o  
t emp : = t emp - . next ; 

if t emp < >  NIL then begin 
if Tlock = W then t emp - . Tlock : =  W ;  
no_other_grant ed_request : =  f al s e ; 

end 
else  no_other_grant ed_request  

end ; 
t rue ; 

end ; 

PROCEDURE s end_to_data_manager ; 
begin 

with R do writeln ( id , acces s , ac c e ss _key) ; 
end ; 

begin 
f indk ( colours , O , R . access _key ) ; 
if  ufb ( colour s )  then 
wri t e ln ( ' Sorry - that name is not in t he f i le ' ) ; 

with colour s - do begin 
NEW (temp ) ; 
t emp - . Tid : = R . id ;  
t emp - . Tlock : = R . acce s s ; 
t emp - . next : = NIL ; 

if lock_bit . s  > 0 then 
begin 

s end_to_ dat a_manager ; 

{ j oin grant ed queue } 
lock_bit . grant ed_ que : = t emp ; 
lock_bit . g_tail : = lock_bit . grant ed_que ; 
lock_bit . s  : = lock_bit . s  - 1 ;  
updat e ( colours ) ;  

end 
e l s e  
b egin 

conflict _ li st : = NIL ; 
if compat ible (R . i d , R . access , lock_bit . wait _que , 

lock_bit . grant ed_que , conflict _ li st ) 
then 
begin 

s end_to_data_manager ; 
if  no_other_grant ed_request (R . id , t emp - . Tlock ) then 

begin 
{ j oin grant ed queue } 
lock_bit . g_tai l - . n ext : = t emp ; 
lock_bit . g_tail : =  lock_bit . g_tai l - . n ext ; 

lock _bit . s  : = lock_bit . s  - 1 ;  
end ; 

updat e ( colours ) ;  



end 
e l s e  
b egin 
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{ j oin wait queue } 
if  lock_bit . wait _ que  = NIL t hen b egin 

lock_bit . wait _que  : = t emp ; 
lock bit . w  tail  : = lock_bit . wait _qu e ; 

end 
else  
b egin 

lock_bit . w_tai l - . next : = t emp ;  
lock bit . w  t ail  : =  lock_bit . w_tai l - . next ; 

end ; 

lock_bit . s  : = lbck_bit . s  - 1 ;  
add_ arc_conflict_graph (R . id , conflict _ li st , name ) ; 

end ; 
end ; 

end ; 
end ; 

begin 
init ializat ion ; 
repeat 

get _next_request (request ) ;  
case request . access  of 

W , R :  begin 
updat e_conflict _graph (reques t ) ; 
dblock (reque st ) ; 

end ; 
E :  end_transact ion (request . id ) ; 

end {case} ; 
unt il  eof (transf i le ) ; 

end . 
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program pre_transact ion_ 2p_lock 
( input , output , t ransfile , colours ) ;  

t ype  

string = packed array _ [ 1_ . .  1_0] of char ; 

colour ( red , blue , green , orang e , yellow , purpl e ) ;  

acc e s s _f lag = (R , W , L , E) ; 

lock_ptr = - 1ock_list ; 

lock l i st = record 
Tid : int eger ; 
Tlock : ac c e s s _flag ;  
next : lock_ptr ; 

end ; 

lockbit = record 
s : int eger ; 
wait _ que : lock_pt r ;  
w_tail : lock_pt r ;  
grant ed_que : lock_ptr ; 
g_tail : lock_pt r ;  

end ; 

obj ect _ptr = - obj ect ; 

obj ect = re cord 
access _key : string ; 
next : obj ect _ptr ; 

end ; 

tran s _ s t ep = record 
id : int eger ; 
cas e acce s s  : access_f lag of 

end ; 

R , W  (access_key 
L ,E : ( ) ; 

act ive_ptr = - act ive_trans ; 

act ive t rans record 
id : int eger ; 

string ) ; 
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wait _request _no : int eger ; 
obj ect _ li st : obj ect _ptr ; 
last_obj ect : obj ect_ptr ; 
next : act ive_ptr ; 

end ; 

t ran s id_ptr = -Tli st ; 

Tlist  = record 
Tid : int eger ; 
next : transi d_ptr ; 

end ; 

colour record = record 

var 

name : [KEY ( O }] string ; 
favourite colour ; 
lock_bit : lockbit ; 
end {colour_record} ; 

ch : char ; 
colours : file  of colour_record ; 
request  : trans_step ; 
tran sact ion_ list , last _transact ion act ive_ptr ; 
transfile  : t ext ; 

PROCEDURE initializat ion ; 
begin 

OPEN ( colours , ' colours . dat ' , unknown , 
ac cess_method : = keyed , 
organization : = indexed ) ; 

reset (transfi l e ) ; 
transact ion list  
last  transact ion 

NIL ; 
tran sact ion_li st ; 

end ; 

PROCEDURE get _next _request (Var request  
begin 

with request do 
begin 

read (transfi le , id , ac c e s s ) ; 
case ac cess  of 

tran s _ st ep ) ; 

R , W  readln (transfile , ch , acc e s s _key) ; 
L 

end ; 

E readln (transfile) ; 
end ; 

end ; 

PROCEDURE signal_all_lock_granted (Tid : int eger) ; 
begin 

wri t e ln ( ' All locks  requested by transact ion ' 
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, Tid : i , ' grant ed . ' ) ;  
writ eln ( ' Signal to  send rest of transact ion ! ! ! ' ) ;  
writ eln ; 

end ; 

PROCEDURE f ind_obj ect (obj ect _ access _key 
b egin 

f indk ( colours , O , obj ect _acces s_key) ; 
if  ufb ( colours)  then 

string ) ; 

writeln ( ' Sorry - that name i s  not in the f i le ' ) ; 
end ; 

FUNCTION compatible ( Tid 
!lo�� 
v_que 
g_que 

var conf l i st 
var last : transid_ptr ; 

int eger ; 
acc e s s _flag ; 
lock_pt r ; 
lock_ptr ; 
tran sid_ptr ) 

PROCEDURE add conf lict list  ( confid  
VAR t emp : transid_ptr ; 

int eger ) ; 

begin 
NEW ( t emp ) ; 
t emp - . Tid : = confid ; 
t emp - . next : = NIL ; 
if conf_ list = NIL then 

b egin 
conf _list : = t emp ; 
last conf_li st ; 

end 
else  

end ; 

begin 

begin 
last - . next : = t emp ; 
last last - . next ; 

end ; 

if ( Tlock = W)  then 
begin 

while  (g_que <> NIL) do b egin 
if Tid <> g_que - . Tid then 

add_ conflict_ list ( g_ qu e - . Tid) ; 
g_que : = g_que- . next ; 

end ; 

boolean ; 

while  (w_que <>  NIL) and (w_qu e - . Tid  < >  Tid)  do b egin 
add_ conflict _li st (w_qu e - . Tid ) ; 
w_que w_que - . next ; 

end ; 
end 

else  
begin 
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whi le (g_que < >  NIL )  do  begin 
if (Tid < >  g_que - . Tid)  and (g_que - . Tlock = W) then 

add_conflict_list (g _ que - . Tid) ; 
g_que : = g_que- . next ; 

end ; 
whi le (w_que < >  NIL ) and (w_que - . Tid < >  Tid) do begin 

if (w_que - . Tlock = W )  
then add_ conflict _ l i s t (w_que - . Tid) ; 
w_que : = w_que- . next ; 

end ; 
end ; 

compatible 
end ; 

( conf_list  = NIL ) ; 

PROCEDURE dblock ( Tid 
acce s s  

int eger ; 
acc e s s _flag ;  

Var wait count 
var t emp : lock_ptr ; 

conflict_ list : transid_ptr ; 

FUNCTI ON in_grant ed_queue 
( Tid : int eger ; 

int eger ) ; 

Tlock : acces s _ f lag) 
var t emp : lock_ptr ; 

b egin 
with colours- do begin 

t emp : = lock_bit . grant ed_que ; 

BOOLEAN ; 

whi le (t emp < >  NIL) and ( temp - . Tid  
t emp : = t emp - . next ; 

< >  Tid) do 

if t emp <>  NIL then begin 
if Tlock = W then t emp - . Tlock 
in_grant ed_queue : = true ; 

end 
else  in_grant ed_queue 

end ; 
end ; 

begin 
with colour s - do begin 

NEW ( t emp) ; 
t emp - . Tid : = Tid ; 
t emp - . Tlock : = acc es s ;  
t emp - . next : = NIL ; 

if lock_bit . s  > 0 then 
begin 

fal s e ;  

w ·  ' 

{ j oin grant ed queue } 
lock_bit . grant ed_ que : = t emp ; 
lock_bit . g_tail : = lock_bit . grant ed_que ; 
lock_bit . s  : = lock_bit . s  - 1 ;  
updat e ( colours ) ; 

end 
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e l s e  
begin 

conf lict_list : = N I L ; 
if  compatible (Tid , acces s , lock _ bit . wait _ que , 

lock_bit . grant e d _ que , conf li ct _ l i st ) 
t hen 
begin 

if not in_grant ed_queue (Tid , t emp - . T lock)  then 
begin 

{ j oin grant e d  queue } 
lock_bit . g_tail - . n ext : =  t emp ;  
lock_bit . g_tail : = lock_bit . g_tai l - . n ext ; 
lock_bit . s  : = lock_bit . s  - 1 ;  

end ; 
updat e ( colour s ) ; 

end 
else  
{ not compat ible } 
begin 

{ j oin wait ing queue } 
if lock_bit . wait_que = NIL then begin 

lock_bit . wait _que : = t emp ; 
lock bit . w  tail  : = lock_bit . wait _ que ; 

end 
else  
begin 

lock_bit . w_tail - . next : = t emp ; 
lock_bit . w_tail : = lock_bit . w_ t ai l - . next ; 

end ; 
lock bit . s  : = lock bit . s  - 1 ;  
wait_ count : = wait_ count + 1 ;  
update (colours ) ;  

end ; 
end ; 

end ; 
end ; 

PROCEDURE new_transact ion (Tid 
var node : act ive_ptr ; 

acce s s _type : acces s _flag ;  

PROCEDURE lock_ acces s_obj ect 
( Tid : int eger ; 

int eger ) ; 

Var obj ect_l i st , last _ obj ect 
Var wait _count : int eger) ; 

var access_type : acces s_flag ;  
obj ect_acces s_key : string 
cnt , count : int eger ; 
t emp_obj ect : obj ect _ptr ; 

begin 
whi l e  not eoln (transf ile)  do begin 

read ( transfile , ac cess_type , count , ch) ; 

obj ect _ptr ; 
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for cnt : = 1 t o  count d o  begin 
read (transfile , obj ect _acces s _key ) ; 
NEW (temp_obj ect ) ; 
with t emp_obj ect - do begin 

t emp_obj ect - . acce s s _ key : = obj ect _ acce s s_key ; 
t emp_obj ect - . next : = NIL ; 

end ; 

{ add obj ect to  obej ct list } 
if obj ect _ l i st = NIL  then 

begin 
obj ect _ l i st : = t emp_ obj ect ; 
last _obj ect : = obj ect _l i st ; 

end 
else  

begin 
last _obj ect - . next : = t emp_ ob j e ct ; 
last _obj ect : = last _obj ect - . next ; 

end ; 
f ind_obj ect (obj ect _ access_ke y ) ; 
dblock (Tid , access_type , wait _ count ) ; 

end ; 
end ; 
readln (tran sfile ) ; 
i f  wait _count = 0 then s ignal_ all_ lock_ grant ed (Tid) ; 

end ; 

begin 

NEW (node ) ; 
with node - do begin 

id : = Tid ; 
wait_request _no : = O ;  
obj ect _ list : = NIL ; 
last _ obj ect : = NIL ; 
next : = NIL ; 

{ att empt s to  lock all data  obj ect s ac c e s sed } 
lock_ac cess_obj ect ( Tid , obj ect _li st , last _ obj ect , 

wait _request_no ) ; 
end ; 

{ add new transact ion 
if transact ion_ list = 

begin 
transact ion list 
last transaction 

end 
else  

begin 

node to  the act ive t ransact ion l i st}  
NIL  then 

node ; 
transact i on_ list ; 

last _trans action- . next : = node ; 
last transact ion last _tran sact ion- . next ; 

end 
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PROCEDURE s end_t o_data_manager ( st ep : t rans_ st ep ) ; 
b egin 

with step do writeln ( id , acce s s , ac c e s s _key ) 
end ; 

PROCEDURE end_transaction (Tid : int eger ) ; 

var previous , thi s : active_ptr ; 

PROCEDURE check_wait _request _ st at e ; 
var this , last , t emp : lock_ptr ; 

clash li st transid_ptr ; 
t rans node : active_ptr ; 

begin 
with colours- do begin 

this  : = lock_bit . wait _qu e ; 
last : = thi s ;  
clash list : = NIL ; 

while  this < >  NIL do 
if compat ibl e ( thi s - . Ti d , thi s - . Tlock , lock_bit . wai t _ que , 

lock_bit . grant ed_que , clash _ l i st )  t hen 
begin 

{ j oin granted queue } 
NEW (temp ) ; 
t emp- . Tid : = thi s - . Tid ; 
t emp - . Tlock : = thi s - . Tlock ; 
t emp - . next : = NIL ; 
if lock_bit . grant e d_que = NIL t hen begin 

lock_bit . grant ed _ que : = t emp ;  
lock_bit . granted _ que - . next : = NIL ; 
lock_bit . g_tail : = lock_bit . grant ed_que ; 

end 
else 
b egin 

lock_bit . g_tai l - . next : = t emp ; 
lock_bit . g_tail : = lock_bit . g_tai l - . next ; 
lock_bit . g_tail - . next NIL ; 

end ; 

trans _node : = tran sact ion _ l i st ; 
while trans node- . id < >  thi s - . Tid do 

trans _node : = trans_node - . next ; 
trans_node - . wait_r equest _no : = 

trans_node - . wait _request _no - 1 ;  
if trans _node- . wai t _request _no = 0 t hen 

signal_all_lock_ grant e d (tran s _ node - . id ) ; 

{ remove request from wait ing queue } 
if last = this then begin 

lock_bit . wait _qu e  : =  lock_bit . wait _ que - . next ; 
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thi s : = lock_bit . wait _ que ; 
last : = thi s ;  

end 
else  
begin 

last - . next : = thi s - . next ; 
thi s : = last - . next ; 

end ; 
end 

else  
{not compat ible} 

begin 
last 
this 

end ; 

this ; 
thi s - . next ; 

if lock_bit . wait_que = NIL then 
lock_bit . w_tai l : = lock_bit . wait _ que ; 

if  lock_bit . grant ed_que = N IL then 
lock_bit . g_tai l : = lock_bit . grant ed_que ; 

end ; 
end ; 

PROCEDURE db_unlock ; 
var thi s , last : lock_ptr ; 

begin 
with colours- do begin 

thi s lock_bit . grant ed_que ; 
last : = thi s ;  

while  this <>  NIL do begin 
if thi s - . Tid  = Tid then begin 

lock_bit . s  : = lock_bit . s  + 1 ;  

{ remove request } 
if this < >  last then begin 

last - . next : = thi s - . next ; 
if this = lock_bit . g_tai l 
then lock_bit . g_tai l  last ; 
dispose (thi s ) ; 
this : = last - . next ; 

end 
else begin 

lock_bit . grant ed_que : = lock_bit . grant ed_que - . next ; 
if this = lock_bit . g_tai l 
then lock_bit . g_tail : = NIL ; 
dispose (thi s ) ; 
this : = lock_bit . grant ed_que ; 
last thi s ; 

end ; 
end ; 
if this < >  NIL then this  thi s - . next ; 

end ; 
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check_wait _reque s t _ stat e ;  
end ; 

end ; 

begin 
{ remove node from transact ion l i st } 
this  : = transaction_list ; 
previous : = thi s ;  
whil e  thi s - . id < >  Tid d o  begin 

previous : = thi s ; 
this  : = this - . next ; 

end ; 
if previous = this then 

t ransact ion_list : = t ran sact ion l i st - . n ext 
else  

previou s - . next : = thi s - . next ; 
if  last _transact ion = this  then 

last transact ion : = this - . next ; 

with t hi s - do 
whi l e  obj ect _ l i st < >NIL  do begin 

f ind_obj ect (obj ect_ l i st - . ac c e s s_key) ; 
db_unlock ; 
updat e ( colours) ; 
obj ect_list obj e ct _ li st - . next ; 

end ; 
dispose (this ) ;  

end ; 

begin 
init ial izat ion ; 
repeat 

get _next _request (request ) ;  
case  request . access  of 

L :  new_transact ion ( request . id ) ; 
W , R :  s end_to_dat a_manager (request ) ;  
E :  end_transact ion (reque st . id) ; 

end {cas e} ; 
unt i l  eof (transfile) ; 

end . 
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program dynami c_t imestamp ( input , output , t imef ile , c olours ) ; 

t ype  

string = packed array [ 1  . .  1 0] of char ; 

colour = ( red , blue , · green, orange , yello� , purpl e ) ;  

acc e s s_flag = ( R , W) ; 

t imebit = record 
read_ t imestamp , 
writ e_ t ime stamp 

end ; 
int eger ; 

tran s _ptr = -Tli st ; 

Tlist  = record 
Tid : int eger ; 
t imestamp : int eger ; 
next : trans_ptr ; 

end ; 

colour record = record 
name [KEY ( O ) ]  string ; 
favourite colour ; 
t ime_bit : t imebit ; 

end {colour_record} ;  

tran s �request = record 
id  : int eger ; 
access : acc e s s_flag ;  
access_key : string ; 

end ; 

var 
ch : char ; 
colours : file  of colour_record ; 
t ime stamp : int eger ; 
transaction_ list , last _transact ion trans_ptr ; 
request : trans _reque st ; 
t imefi l e  : t ext ; 

PROCEDURE init ialization ;  
begin 

OPEN ( colours , ' colours . dat ' , unknown , 
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access_method : = keyed , 
organizat ion 

reset ( t imef ile ) ; 
end ; 

indexed ) ; 

PROCEDURE get_next _request (var request  
begin 

t rans_request ) ;  

with request do 
readln (t imef ile , id , access , ch , acces s _key) ; 

end ; 

PROCEDURE send_to_dat a_manager (request  : trans_request ) ;  
begin 

with request do writ eln (id ;�cce s s , acc e s s _key)  
end ; 

PROCEDURE abort _transact ion ( Tid : int eger ) ;  
begin 

writ eln ( ' Abort transact ion ' , Tid : 1 , ' 
end ; 

I I I l )  · . . . , 

PROCEDURE f ind_obj ect ( obj ect _ acc e s s _key 
begin 

string) ; 

f indk ( colours , 0 , obj ect _acces s _key ) ; 
if ufb ( colours)  then 

wri t eln ( ' Sorry - that name is not i n  the f i le ' ) ;  
end ; 

FUNCTION transact ion_t imestarnp (Tid 
var t emp : trans_ptr ; 

found : boolean ; 
begin 

if  t ransact ion list = NIL then 
begin 

NEW ( t emp) ; 
with t emp - do begin 

Tid : = request . id ;  
t ime starnp : = 1 ;  
next : = NIL ; 

end ; 

int eger) 

transact ion_list  : = t emp ; 
last_transact ion : = transact ion_ l i st ; 
transact ion_timestamp 1 ;  

end 
e l s e  

begin 
found : = false ; 
t emp : = transaction_li st ; 
whi le  ( t emp < >  NIL)  and (not found ) do 

begin 
found : = ( t emp- . Ti d  = request . id ) ; 

int eger ; 
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i f  not found t hen t emp : = t emp - . next ; 
end ; 

if  not found then 
begin 

NEW (ternp ) ; 
with t emp - do begin 

Tid : = reque st . id ;  
t irne stamp : =  last _transact i on - . t ime stamp + 1 ;  
next : = NIL ; 
transact ion_t imestarnp : = t imestamp ; 

end ; 
last _transaction- . next : = t emp ; 
last _transaction : =  last _transact ion- . n ext ; 

end 
else  

transaction_t imestamp : = t emp - . t imestamp ; 
end ; 

PROCEDURE process _request 
( request : trans_reque st ; 

t imestamp : int eger ) ; 

PROCEDURE read_protocol 
(request : trans _request ; 
tirnestamp : integer) ; 

begin 
with colours - do begin 

if t irnestamp >= tirne_bit . writ e _ t ime stamp then 
begin 

send_to_data_rnanager (request ) ;  
t ime_bit . read_time st amp t imestamp ; 
updat e ( colours ) ; 

end 
else  

abort _transact i on (request . id ) ; 
end ; 

end ; 

PROCEDURE write_prot ocol 

b egin 

(request : trans_request ; 
t imestamp : integer) ; 

with colours - do begin 
if  (t imestamp >=  tirne_bit . writ e_tirne stamp ) and 

(tirne stamp >= t irne_bit . read_tirnestamp )  then 
b egin 

s end_to_dat a_rnanager ( request ) ;  
t ime_bit . writ e_timestarnp t ime stamp ; 
updat e ( colours ) ;  

end 



Appendix C: Dynamic Timesfamping Mechanism 142 

else  
abort _transacti on (reque st . id ) ; 

end ; 
end ; 

begin 
f ind_obj ect (request . access_key) ; 
case  request . acce s s  of 

R : read_protocol (request , t imestamp) ; 
W : writ e_protocol (request , t imes t amp ) ; 

end ; 
end ; 

begin 
init i al izat ion ; 
repeat 

get _next _request (request ) ; 
t ime stamp : =  transact ion_timestamp (reque st . id ) ; 
process_reque st (request , t imestamp) ; 

unt i l  eof (timefile) ; 
end . 
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program t irnestamp (input , output , t irnef ile , colours ) ;  

type 

string = packed array [1  . .  1 0] of char ; 

colour = ( red , blue : green, orange , yellow , purple ) ;  

acce s s _f lag = (R , W , P ) ; 

trans _request = re cord 
id  : int eger ; 
access  : access_f lag ; 
access_key : string ; 

end ; 

t irnestarnp_ptr = - t irne_stamp ; 

t irne_ st arnp = record 
st amp : int eger ; 
Tid : int eger ; 
arrived : boolean ; 
{ indicates  if the request has arrived } 
next : timestarnp_ptr ; 

end ; 

t irnebit = record 
read_t irne stamp_que , 
last_read_stamp , 
writ e_t irnestamp _ que , 
last _write_ stamp : t imes t amp_ptr ; 

end ; 

tran s _ptr = -Tlist ; 

Tli st  = record 
Tid : int eger ; 
t irnestamp : int eger ; 
next : trans_ptr ; 

end ; 

colour record = record 
name [KEY ( O ) ]  string ; 
favourite colour ; 
t ime_bit : t imebit ; 

end {colour_record} ; 
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var 
ch : char ; 
colours : file  of colour_record ; 
t imestamp : int eger ; 
transact ion_li s t , last_tran sact ion trans_ptr ; 
request : trans_request ; 
t imefi le : t ext ; 

PROCEDURE init ializat ion ; 
b egin 

OPEN ( co lours , ' colours . dat '  , unknown , 
access_method : = keyed , 
organizat ion 

reset ( t imefi le ) ; 
end ; 

in4exed ) ; 

PROCEDURE get_next _request ( var request 
b egin 

with request do begin 
read ( t imefile , id , acces s ) ; 

t rans_request ) ;  

if ac cess  in [R , W] then readln (t imefi l e , ch , access_key) ; 
end ; 

end ; 

PROCEDURE s end_to_data_manager (reque st  : trans_request ) ; 
begin 

with request do writeln ( id , acces s , ac cess_key)  
end ; 

PROCEDURE f ind_obj ect ( obj ect _acc e s s _key 
b egin 

f indk ( colours , 0 , obj ect_acces s _key ) ; 
if ufb ( colours ) then 

string ) ; 

writ e ln ( ' Sorry - that name i s  not in the f i le ' ) ; 
end ; 

FUNCTION t ransaction_t imestamp (Tid 
var node : trans_pt r ;  

found : boolean ; 
b egin 

if tran saction_ list  = NIL  then 
{ empty transact ion list } 
begin 

{ creat e new transact ion node } 
NEW (node) ; 
with node - do begin 

Tid : = request . id ;  

i nt eger ) int eger ; 

t irne stamp : = 1 ;  { the oldest transact ion } 
next : = NIL ; 

end ; 
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{ j oin transaction list } 
t ransact ion l i st : = node ; 
last _transact ion : = transaction_list ; 

transact ion_t imestamp : = 1 ;  
end 

e l s e  { transact ion list  not empty } 

end ; 

begin 
{ find node } 
found : = fal s e ; 
node : = transaction_list ; 
while (node <> NIL)  and (not found) do 

begin 
found : =  (node - _ji�-= request . id ) ; 
if not found then node : = node - . next ; 

end ; 

if not found then 
{ node not found } 
begin 

{ creat e new transact ion node } 
NEW (node ) ;  
with node - do begin 

Tid : = request . id ;  
t ime stamp : = last _transaction - . t imestamp + 1 ;  
next : = NIL ; 
transact ion_t imestamp : = t ime st amp ; 

end ; 
last _transaction - . next : = node ; 
last_transact ion : = last _transact ion - . n ext ; 

end 
else  { transact ion node found } 

end ; 
transact ion_timestamp node - . t ime stamp ; 

PROCEDURE claim_ all_obj ect (Tid , t ime stamp 
var access _type : acces s _flag ;  

obj ect _acce s s _key : string 
cnt , count : integer ; 

int eger) ; 

PROCEDURE j oin_timestamp_queue ( id , t imest amp : int eger ; 
ac c e s s _typ e  : acce s s _flag) ; 

var t ime stamp_queue , 
last _time stamp , 
t emp : t imestamp_ptr ; 

begin 
with colour s - do begin 

if  acces s _type = R then begin 
t ime stamp_queue : =  t ime_bit . read_t ime stamp_que ; 
last_t ime stamp t ime_bit . last _read_ stamp ; 

end 
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else  
begin 

t imestamp_queue 
last_timestamp 

end ; 

NEW (temp ) ; 

: = t ime_bit . writ e_t irnestamp_que ; 
t ime_bit . last _writ e_stamp ; 

with t emp- do begin 
stamp : = t imestamp ; 
Tid : = id ; 
next NIL ; 

end ; 

if t imestarnp_queue = NIL then b egin 
t imestarnp_queue · : �  t emp ; 
last _time stamp t imestamp_queue ; 

end 
else  
b egin 

last_t imestamp - . next : = t emp ; 
last _timestamp : = last _ t imestarnp - . n ext ; 

end ; 

if acces s_type = R then b egin 
t ime_bit . read_t ime starnp_que : = t irne starnp_queue ; 
t ime_bit . last _read_starnp : = last _timestamp ; 

end 
else  
begin 

t ime_bit . writ e_timestarnp_que  : = t imestarnp_queue ; 
t ime_bit . last _writ e_starnp : = last_timestarnp ; 

end ; 
end ; 

updat e ( colour s ) ; 
end ; 

b egin 
whil e  not eoln (t imef ile) do begin 

read ( t imefile , acces s _type , count , ch ) ; 
for cnt : = 1 to count do begin 

read (timefile , obj ect_acce s s _key) ; 

f ind_obj ect (obj ect_acce s s _key) ; 
j oin_timestarnp_qu eue ( Tid , t ime s tamp , access_type ) ;  

end ; 
end ; 
readln ( t imefile ) ;  

end ; 

PROCEDURE process_request 
( request : trans_request ; 

t ime starnp : int eger ) ; 
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PROCEDURE remove_time_stamp ( t ime stamp : int eger ; 
var t ime_bit : t imebit ; 
acc e s s  : acc e s s _flag ) ;  

var previou s , this , last_ stamp , t emp : t imestarnp_ptr ;  
begin 

if  access = R then begin 
t emp : = t ime_bit . read_timestamp_que ; 
last_ starnp : = t ime_bit . last _read _ st amp ; 

end 
e l s e  
begin 

t emp : = t ime_bit . write_t imestamp_que ; 
last_ starnp t ime_bit . last_wr it e_starnp ; 

end ; 

this  : = temp ; 
previous  : = thi s ; 
whi l e  thi s - . starnp < >  t ime stamp do begin 

previous : = thi s ; 
this  : = thi s - . next ; 

end ; 

if  this <>  previous then begin 
previous - . next : = thi s - . next ; 
if this = last _ stamp then last _ st amp : = previous ; 
dispose (thi s ) ; 

end 
e l s e  
begin 

t emp : = t emp- . next ; 
if  this = last _stamp then last _ s t amp 
di spos e (thi s ) ; 

end ; 

if  access = R then begin 
t ime_bit . read_timest amp_que 
t ime_bit . last_ read_ stamp 

end 
e l s e  
begin 

t ime_bit . write_t imestamp_que 
t ime_bit . last _write_ stamp 

end ; 
end ; 

: = t emp ; 
last _ st amp ; 

: = t emp ; 
last _ st amp ;  

NIL ; 

PROCEDURE updat e_time_st amp ( t imestamp : int eger ; 
var t ime_bit : t imebit ; 
access  : acc e s s _flag) ; 

var t emp : t imestamp_ptr ; 
begin 

if  access 
e l s e  t emp 

= R then t emp : = t ime_bit . read_t ime stamp_que 
t ime _bit . writ e _ t ime stamp_que ; 
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while  t emp - . stamp < >  t imestamp do ·  
t emp : = t emp - . next ; 

t emp - . arrived . - TRUE ; 
end ; 

PROCEDURE read_prot ocol 
(request : tran s_request ; 
t ime stamp : integer ) ; forward ; 

PROCEDURE write_protocol 
(request : tran s_request ; 
t imestamp : int eger ) ; forward ; 

PROCEDURE check_wait_queue (acce s s  : acces s _f lag ) ; 
var t ime stamp_node : t imestamp_pt r ; 

request : trans_request ; 
begin 

with colours - do begin 
if  acces s = W then begin 

t imestamp _node : = t ime_bit . read_tirnestamp_ que ; 
whi le t imestamp_node <>  NIL  do begin 

if t imestamp_node- . arrived then begin 
{ re- create the request } 
request . id : = t irnestamp_node - . Ti d ; 
request . acces s : = R ;  
request . acces s _key : = name ; 

{ re- submit the request t o  read_protocol } 
read_prot ocol ( requ est , t irnestamp _node - . st amp ) ; 

end ; 
t imestamp_node t ime stamp_node - . next ; 

end ; 
end ; 

t irnestamp_node : = tirne_bit . writ e_tirne stamp_que ; 
while  t irne stamp_node < >  NIL do begin 

if tirnestamp_node - . arrived then begin 
{ re- creat e the request } 
request . id : = tirnestamp_node - . Tid ; 
request . access  : = W ;  
request . acces s_key : = name ; 

{ re-submit the reque st t o  the writ e_prot ocol } 
write_protocol (reque st , t irnestamp _ node- . stamp ) ; 

end ; 
t irnestamp_node t irnestamp _node - . n ext ; 

end 
end 

end ; 

PROCEDURE read_protocol 



{ (request 
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trans_reque st ; t ime stamp i nt eger ) } 

begin 
with colour s - do begin 

if  (tirne _bit . writ e_t imestamp_que = NIL )  or 
(tirnestamp <= t irne_bit . writ e_times t amp_ que - . st amp ) 

then 
begin 

send_to_data_rnanager (request ) ;  
rernove_tirne_ stamp (t irne stamp , t ime_ b it , R) ; 
check_wait _queue (R) ; 

end 
else  

updat e_t irne_starnp (�imestamp , t ime_bit , R) ; 
end ; 

end ; 

PROCEDURE writ e_protocol ; 
{ (request : trans_request ; t irnestamp int eger) } 

begin 
with colour s - do begin 

if ( (t irne_bit . write_tirnestamp _ que = NIL)  or 
( time stamp <= 

tirne_bit . write_timestamp_ que - . s t amp ) ) and 
( (tirne_bit . read_t irne stamp_ que = NIL)  or 

( t ime stamp 
<= t irne_bit . read_t irne stamp _ que - . st amp ) ) 

then 
begin 

send_to_data_rnanager (request ) ;  
rernove_tirne_ stamp (t irne st amp , t ime_ bit , W) ; 
check_wait _ queue (W) ; 

end 
else  

update_time_ starnp ( t irne stamp , t ime_bit , W) ; 
end ; 

end ; 

begin 
f ind_ obj ect (request . access_key ) ; 
cas e  request . access  of 

R : read_protocol (r equest , t irnes t amp ) ; 
W : write_protocol ( reque st , t irne s t amp ) ; 

end ; 
updat e ( colour s ) ; 

end ; 

begin 
ini t ialization ; 
repeat 
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get _next _request (request ) ; 
t ime stamp : = transact ion_t irnestamp (reque st . i d ) ; 
i f  request . access = P 
then clairn_all_obj ect (request . id , t irnestamp) 
e l s e  process_request ( request , t imestamp) ; 

unt i l  eof (timefile) ; 
end . 



Appendix E 

Sample Test Runs 

In this appendix, four different schedules are being used as the input schedules 
to the mechanisms presented earlier. This is to demonstrate how these mechanisms 
reshuffle the submitted requests into a correct schedule; also , to show that the 
algorithms developed in chapter 4 are correct. 

For simplicity, we assume that there are only four records in the 'colours' 
database. These four records are : 

Jane 
Jenny 

Jerry 

Jlm 

BLUE 

RED 

GREEN 

YELLOW 

The four input schedules are : 
1 .  Schedule S 1 -

51 = 1 R jenny 
2 R jenny 
1 W jenny 
2 W jenny 

2 .  Schedule S 2  -
52= 1 R jenny 

2 R jenny 
1 W jenny 
1 R jim 
1 W jim 
2 R jim 

3 .  Schedule 53  -
53= 1 R jenny 



2 R jenny 

1 W jenny 

2 W jim 

3 R jim 

2 W jenny 

4. Schedule S4 -

S4= 1 R jenny 

1 W jenny 

2 R jenny 

2 W jenny 
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The first three schedules will result in various concurrency control problems 

and t herefore required to be rescheduled. The purpose of i ncluding the last sched­

ule which is a serial schedule is to show that the mechanisms do recognize it as a 

correct schedule . 



Dynamic Two-Phase Locking Mechanis111 

1 .  Output schedule for 8 1 .  
1 Rj enny 
2 Rj enny 

cycle - >  1 
cycle - >  2 
deadlock det ect ed • • • 
abort transact ion 2 

1 Wj enny 

1 
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Deadlock occurs in this schedule and is resolved by aborting transaction 2 .  
The abortion of  transaction 2 also avoid the  loss of  transaction 1 's update on 
jenny 's record.  

2 .  Output schedule for 82.  
1 Rj enny 
2 Rj enny 
2 Rj im 
1 Wj enny 
1 Rj im 
1 Wj im 

Notice that request ( 1  W jenny ) from transation 1 is delayed till transaction 2 
terminates . This avoids the problem of inconsistent retrieval of jim 's and jenny 's 
records. 

3 .  Output schedule for 83. 
1 Rj enny 
2 Rj enny 
2 Wj im 

cycle ->  1 
cycle ->  2 1 
deadlock det ected • • • 
abort transaction 2 

1 Wj enny 
3 Rj im 

Deadlock occurs in this schedule and is resolved by aborting transaction 2 .  
Notice that transaction 3's request to  read jim 's record i s  delayed. This avoids 
transaction 3 from reading the 'phantom' record updated by transaction 2 .  

4 .  Output schedule for S4. 

1 Rj enny 
1 Wj enny 
2 Rj enny 
2 Wj enny 

84 is output without any rescheduling. 
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Pre-Transaction Two-Phase Locking Mechanism 

1 .  Output schedule for Sl . 
All locks 
S ignal t o  

All locks 
Signal t o  

requested 
send rest 

1 Rj enny 
1 Wj enny 

reque sted 
s end rest 

2 Rj enny 
2 Wj enny 

by transact ion 1 grant ed . 
of transact ion ! !  ! 

by transact ion 2 grant ed . 
of transact ion ! ! ! 

Sl is rescheduled into a serial schedule with transaction 1 first then transaction 
2. This avoids the problem of loss of update. 

2 .  Output schedule for S2. 
All locks request ed by transact ion 1 grant ed . 
S ignal t o  s end rest of transact ion ! ! ! 

1 Rj enny 
1 Wj enny 
1 Rj im 
1 Wj im 

All locks requested by transact ion 2 grant ed . 
S ignal to  s end rest of transact ion ! ! ! 

2 Rj enny 
2 Rj im 

Again, the output serial schedule avoids the problem of inconsistent retrieval 
of jim 's and jenny 's records. 

3. Output schedule for S3. 
All locks requested by transact ion 1 grant ed . 
S ignal to  s end rest of transact ion ! ! ! 

1 Rj enny 
1 Wj enny 

All locks request ed by transact ion 2 grant ed . 
Signal t o  s end rest of transact ion ! ! ! 

2 Rj enny 
2 Wj im 
2 Wj enny 

All locks requested by transact ion 3 grant ed . 
Signal t o  s end rest of transact ion I I I 



3 Rj im 

4. Output schedule for S4. 
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A l l  locks requested by transact ion 1 grant ed . 
Signal t o  s end rest of transact ion ! ! ! 

1 Rj enny 
1 Wj enny 

All locks requested by transact ion 2 grant ed . 
S ignal t o  s end rest of transact ion ' '  • 

2 Rj enny 
2 Wj enny 

S4 is output without any rescheduling. 



Dyna111ic Timestamping Mechanis111 

1 .  Output schedule for Sl . 
1 Rj enny 
2 Rj enny 

Abort transact ion 1 ! ! ! 
2 Wj enny 
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Transaction 1 is aborted since its timestamp is older than the read-timestamp 
of jenny 's record. The abortion also avoid the loss of update problem. 

2 .  Output schedule for S2 . 
1 Rj enny 
2 Rj enny 

Abort transact ion 1 • • • 
2 Rj im 

The abortion of transaction 1 in this example avoids the inconsistent retrieval 
of jim 's  and jenny 's records. 

3. Output schedule for S3 . 
1 Rj enny 
2 Rj enny 

Abort transact ion 1 ! ! ! 
2 Wj im 
3 Rj im 
2 Wj enny 

Notice that transaction 3 reads jim 's record which has been updated by trans­
action 2 before transaction 2 terminates. If transaction 2 is aborted before termi­
nation, then transaction 3 is reading a 'phantom record' .  ( See Section 3. 3. 3 )  

4.  Output schedule for S4. 
1 Rj enny 
1 Wj enny 
2 Rj enny 
2 Wj enny 

S4 is output without any rescheduling. 
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Pre-Transaction Ti111esta111ping Mechanisn1 

1 .  Output schedule for Sl . 
1 Rj enny 
1 Wj enny 
2 Rj enny 
2 Wj enny 

A serial schedule with transaction 1 completed first then transaction 2. This 
avoids the problem of loss of update. 

2. Output schedule for S2. 
1 Rj enny 
1 Wj enny 
2 Rj enny 
1 Rj irn 
1 Wj im 
2 Rj im 

Transaction 2's request to read jenny 's record is delayed till tranaction 1 
updated the record. This avoids the inconsistent retrieval of jim 's  and jenny 's 
records. However, reading of phantom record may occur if transaction 1 aborts 
before termination. ( See Section 3 . 3. 3 ) 

3 .  Output schedule for S3 . 
1 Rj enny 
1 Wj enny 
2 Rj enny 
2 Wj irn 
3 Rj im 
2 Wj enny 

Again, if transaction 2 is aborted before termination, then transaction 3 is 
reading a 'phantom record'. ( See Section 3. 3. 3 )  

4. Output schedule for S4. 
1 Rj enny 
1 Wj enny 
2 Rj enny 
2 Wj enny 

S4 is output without any rescheduling. 
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